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FOREWORD

This report describes the work performed during the period of
June 1983 through November 1985 under NASA contract NAS8-34504,
Atomization and Mixing Study. The Rocketdyne Project Engineer for
this work is Dr. Allan Ferrenberg of the Advanced Combustion
Devices gqroup under the direction of Mr. James Lobitz.
Mr. Frank Kirby is the Rocketdyne Program Manager.
Mr. Joseph Duesberg performed the majority of the atomization
testing, with some assistance from Mr. Ken Hunt. Mr. Hunt per-
formed all of the mixing testing. Technician support was primar-
i1y provided by Mr. Gayle Steele. Other Rocketdyne personnel
supporting this work are Mr. Tony Exposito (preliminary droplet
sizing 1interferometry work), Mr. Harry Arbit (basic atomization
research literature review), Dr. Robert Jensen (computational
analyses in support of gas/liquid mixing methods assessment), and
Mssrs. Guido Defever and Robert Saxelby (design support). This
program was performed under the technical direction of Mr. Fred
Braam of the NASA Marshall Space Flight Center.
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I. INTRODUCTION AND SUMMARY

The primary objective of this Atomization and Mixing Study was the obtainment of
atomization and mixing performance data for a variety of typical LOX/hydrocarbon
injector element designs. Such data are required to establish injector design
criteria for such elements, and to provide critical inputs to 1liquid rocket
engine combustor performance and stability analysis, and computational codes and
methods. For the most part, these results are sufficiently generic to allow
their application to similar injectors employing other propellant combinations.

This program began in February 1982. During the first year of this effort, a
literature search and compilation of the 1iquid rocket injector atomization and
mixing data and correlations were performed. Two sets of mixing tests were also
performed during the first year: a set of gas/liquid element mixing characteri-
zation tests and a smaller set of 1iquid/liquid triplet element mixing character-
jzation tests. First-year work was reported in an interim technical report (Ref.
1-1). The summary of the 1iquid rocket injector atomization and mixing correla-
tion and data contained in Ref. 1-1 is presented herein as Appendix A.

During this first year, deficiencies and problems with the atomization test
equipment were identified, and action was initiated to resolve them. While these
efforts were not a part of this contractual program, they did result in delays
and test plan modification in the atomization testing of this program. In addi-
tion, the test results of the gas/l1iquid mixing tests indicated that an assess-
ment of these test methods was required. Finally, the 1liquid/liquid triplet
testing performed indicated a need for a more extensive set of such tests. As a
result of these issues, an extension and several modifications of this program
were 1implemented. This work was accomplished during the period of July 1983
through October 1985, and i1s described in detail in this report.

From October 1983 through December 1984, the gas/liquid mixing assessment methods
were analytically and experimentally assessed. During the period of June 1984
through November 1985, several series of 1iquid/liquid element mixing tests were
performed. Finally, 1in December 1984, after several years of noncontract

RI/RDB5-312
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testing, problem resolution, and technique development, contract testing to
establish the atomization characteristics of selected elements began. This
effort culminated in a series of atomization tests during the summer and fall of
1985. A1l of these efforts and their results are described in detail in this
report.

This final report consists of five sections and two appendices:

I Introduction and Summary

11 Description of Injector Elements

111 Liquid/Liquid Element Mixing Study

IV~ Gas/Liquid Element Mixing Testing

v Atomization Study

Appendix A. Liquid Rocket Atomization and Mixing Technology

Appendix B. Basic Atomization Literature Review
Section II describes the injector elements constructed and tested as a part of
this program. The remaining sections are separately summarized in the remainder
of this section.

LIQUID/LIQUID ELEMENT MIXING STUDY

The objective of the 1liquid/l1iquid mixing study was the acquisition and correla-
tion of cold-flow mixing data for LOX/hydrocarbon injectors. In the primary
phase of this study, a series of 71 1iquid/1iquid mixing tests were performed at
Rockétdyné during the ber1od from June 1984 to October 1985. Ten single-element,
unlike-triplet injectors were used in a test matrix designed to determine the
effect on mixing efficiency of variations 4in 1iquid density, impingement
distance, element geometry, orifice characteristics, flow rates, and collection

RI/RDB5-312
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distance, for the overall purpose of evaluating existing triplet injector design
correlations and developing improved correlations where necessary.

A secondary phase of the 1liquid/1iquid mixing study was conducted to evaluate the
mixing characteristics of a candidate like-doublet injector pattern proposed for
use in large LOX/hydrocarbon boosters. A series of tests were performed in
October 1985, using four different injector models. 1In this case, the models
featured a multiple-element "unit cell" configuration representative of the over-
all like-doublet pattern. The test matrix was designed to determine the effect
on mixing efficiency of propellant interchange, mass flow throttling, impingement
angle, and model scaling.

This program is the largest, and most thorough and comprehensive investigation of
the mixing performance of liquid/liquid-triplet elements that has ever been per-
formed. The findings and conclusions of this effort are, in some cases, contra-
dictory to previous findings (based on much less comprehensive test programs) and
traditional design practice. Thus, these findings are of great importance and
should result in considerable change and improvement in triplet injector designs.
In accordance with these findings, the following design criteria and advice to
designers of liquid/1iquid triplet elements are provided.

1. The use of an optimum value of the Elverum-Morey parameter as a design
criterion for l1iquid/liquid triplets is not justified and should be dis-
continued. Mixing efficiency increases as the Elverum-Morey parameter
increases.

2. The more dense propellant should be injected from the outer orificgs.

3. Small, outer to inner, orifice diameter ratios (e.g., 1 or less) are not
recommended.

4. 1he changing of the injection velocity of both 1iquids by the same per-
centage, has no effect on the mixing performance, over the range of
injection velocities tested.

RI/RD85-312
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5. An increase of the outer to 1inner velocity ratio of the propellants
improves mixing performance.

6. The impingement angle has no significant influence on mixing and should
be chosen on the basis of other considerations.

7. As a guide to use in the tradeoff of various design considerations, it
1s recommended that the designer attempt to maximize the parameter.

0.29 0.56 0.25
dy Py Yy

A1l of these findings, conclusions, design guidance, and especially the preceding
mixing gfficiency design parameter, should not be extrapolated or applied beyond
the 1imits of the range of the variables tested in this program without very
careful consideration. The range of the variables tested is:

Outer to inner orifice velocity ratio 0.37 to 1.69
Outer to inner orifice diameter ratio 0.92 to 1.58
Outer to inner orifice density ratio 0.76 and 1.32

Impingement angle (between outer 30 to 90 degrees

streams)
Orifice diameter 0.117 to 0.236 cm (0.046 to 0.093 1in.)
Injection velocities , 6.7 to 20.2 m/sec (22 to 66 ft/sec)

The limited testing performed on the 1ike-doublet, multiple-element injector sup-
ports the validity of the scaling methods employed. Throttling appeared to have
no effect on injector mixing performance. Poorer mixing efficiency was observed
for a smaller impingement angle/longer 1impingement distance variation on the
baseline injector,

GAS/LIQUID ELEMENT MIXING STUDY

S1nd1e-eléhéht,Wgés/11qu1d mixing measurements were to be, and have been, per-
formed as a part of this atomization and mixing study. Because of the very poor
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collection efficiency measurements obtained on tests already performed, it became
necessary to assess and improve the methods by which such measurements are made.
Accordingly, a series of studies and experiments were performed, resulting in a
number of changes in the apparatus and measurement methods. These changes culmi-
nated in a demonstration of the ability to make moderately accurate gas/liquid
mixing measurements at low preSsure, in lightly loaded (with 1iquid) flows, and
in relatively uniform, one-dimensional flows. Whether these techniques can be
successfully applied to the much more heavily loaded and high-pressure f{lows of
interest, is not known. However, it is known that the flow must be relatively
straight, (i.e., recirculation must be prevented).

The technique commonly employed for the prevention of recirculation is the use of
large quantities of purge gas flow (also referred to as base bleed or curtain
flow) circumferentially about the injector. This technique has been applied in
all previous gas/liquid mixing measurements. However, while the purge gas
greatly reduces or prevents recirculation, it also affects the dispersion of the
fuel gas (and perhaps, though certainly to a much lesser extent, the liquid dis-
persion). Thus, a situation exists where the purge gas is necessary to perform
the measurements. At the same time, however, it disturbs or changes the mass
flux distributions being measured.

While this problem was recognized in the past, means to assess the magnitude of
the effect of the purge gas on the fuel gas distribution did not previously
exist. Sufficiently complex, gas dynamic/computer codes capable of estimating
the magnitude of this effect now exist. Such an analysis was performed. This
analysis indicated a large effect of purge gas on fuel gas distribution. As a
result of these studies, the following are concluded:

1. Single-element gas/liquid mixing measurements may be of limited value
for comparing the mixing performance of different elements or types of
elements, and also may be of very limited value for assessing the rela-
tive effects of injector geometry or flow variables. Such measurements
serve only as a relative comparison of mixing efficiency.

RI/R0D85-312
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2. The use of such measurement data as input to the performance analysis
codes (e.g., SDER), or to establish design criteria (e.g., optimum
values of the Elverum-Morey parameter), is not justified. Further tes-
'ting of this type is not recommended.

3. Effort should be directed toward the development of a means to assess
and measure injector mixing performance.

One very promising means by which this may be accomplished is through the use of
multidimensional CFD codes such as the Advanced Rocket Injector Combustor Code
being developed under NASA/MSFC Contract NAS8-34928. Such codes can already
model cold-flow gas motion with good accuracy and can include the effects of
droplets and combustion on gas dispersion. Modeling of the 1iquid phase (e.gq.,
atomization, stream and droplet breakup, and droplet motion) 1is currently less
developed, but efforts to improve such models are under way.

Another means for the measurement of the mixing performance of injectors is the
utilization of advanced combustion diagnostic techniques such as Raman spectro-
scopy. These diagnostic techniques offer the potential capability to directly
and nonintrusively measure combustor gas temperatures and compositions. Thus,
they could provide the first direct measurements of hot-fire mixing efficiency.

ATOMIZATION STUDY

The objective of this task was the development of a body of 4information and
empirical correlation by which the atomization characteristics of typical LOX/
hydrocarbon injectors could be assessed or pred1ctéd.' fhe survey of the state of
the art in this area, presented in Appendix A, discusses the great need for such
information and the limited quality and, especially, the applicability of the
available data.

To obtain such data and improve upon the droplet-size measurement techniques of
the past, the new and very promising technique of droplet sizing interferometry
(DSI) was employed. Unfortunately, the application of this powerful new
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technique was not as straightforward and simple as originally anticipated. Prob-

(!

lems with the DSI, an inabjlity to measure droplet sizes in high-droplet-density
sprays, great difficulty in controlling spray recirculation at high pressure,
continual difficulties with the monodisperse droplet generator (a DSI calibration
tool), various shortcomings of the high-pressure test vessel, and many other
problems (as described in Section V) occurred. All of these problems were
resolved at no expense to this contract prior to the start of these atomization
tests. However, 1in many cases, the solutions to these problems resulted 1in a
decrease in the scope, quality, or quantity of the atomization testing that could
be accomplished during this program. Nevertheless, this effort resulted in the
most detailed and complete measurements of the structure of the sprays produced
by several of the injector elements of interest. While this effort consisted
primarily of tests of coaxial elements, limited testing of gas/Tiquid-pentad and
-triplet elements, and a Tike-doublet 1liquid element, was also performed. This
program demonstrated the capabilities of the DSI and resulted in the development
of procedures and methods for acquiring, compiling, and correlating the vast
quantities of data obtainable with the DSI. Specific findings and results from
this effort are:

I

lﬂ

1. Information is provided that indicates the hot-wax technique data, and
especially the correlations relating the effects of 1iquid properties on
droplet size, may be of questionable validity or applicability.

2. The Lorenzetto and Lefebvre droplet-size correlating equation is not
recommended as a means to estimate droplet sizes for 1iquid rocket
coaxial injectors, especially at mixture ratios greater than 1.

3. The Kim and Marshall droplet-size correlating equation is recommended
for the very rough estimation of droplet sizes for liquid rocket coaxial
injectors operating at high (main chamber) mixture ratios. This fis
being recommended only because there appears to be no alternative.
Based upon the results of these atomization tests, it is further recom-
mended that the droplet sizes computed from the Kim and Marshall equa-
tion be increased by about 30 percent.

R1/RD85-312
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4. It is strongly recommended that future efforts to acquire atomization
data obtain such data at higher pressures qnd flow rates.

5. The droplet-size measurement technique employed in this program was the
v1§1b111ty/1ntensity (V/I) DSI technique. This second-generation DSI
technique is inferior to two new DSI techniques now commercially avail-
able. However, all of these DSI techniques, as well as all other non-
intrusive droplet-size measurement techniques available, have deficien-
cles that 1imit their applicability to the study of 1iquid rocket injec-
tor atomization. These deficiencies are the inability to measure drop-
let sizes in the very dense sprays typical of 11quid rocket injectors at
nominal flow rates (especially the very fine and dense sprays of gas/
11quid 1injectors), and the inability to distinguish droplets by composi-
tion (required to assess unlike liquid injector atomization). Improved

| capabilities in these areas are needed.

6. The findings of this study demonstrate the need for considerable addi-
tional effort in the study of atomization. The validity, and especially
the applicability, of all available data and correlations are question-
able. The technical challenges and problems are great, but the need for
this information to support injector design efforts and the rapidly
developing and very promising field of spray combustion modeling is also
great.

7. Finally, it is strongly recommended that users of any atomization data
and correlations become familiar with the quality, validity, and appli-
cability of them. Furthermore, reports of any analyses based upon such
data or correlations should clearly state the limitations and potential
errors associated with the utilization of such atomization data.

Addttional results and findings are presented in Section V.
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APPENDIX A: LIQUID ROCKET ATOMIZATION AND MIXING TECHNOLOGY

This appendix consists of the survey results of the 1iquid rocket atomization and
mixing data, correlations, and measurement techniques previously reported in
Ref. 1-1. This appendix 1is an exact duplicate of that survey as published in
July 1983, in Ref. 1-1, and is included herein for the convenience of the reader.
1t should be noted that certain findings of that survey, regarding mixing assess-
ment techniques and correlations, have been found to be incorrect and have been
supplanted by the more recent findings of this program as described in Sections
III and IV of this report.

APPENDIX B: BASIC ATOMIZATION LITERATURE REVIEW

Available information on 1liquid atomization by rocket engine-type injector ele-
ments is presented in Ref. 1-1 and Appendix A, in which the 1iterature on atomi-
zation by 1ike-doublet, triplet, pentad, and coaxial injector elements was sum-
marized, discussed, and assessed. The general conclusions of that summary were
that reported atomization data are largely empirical and ad hoc, only qualita-
tively understood, and of 1ittle general validity or utiljty. This new review,
presented in Appendix B, covers the literature on the more basic or theoretical
aspects of 1iquid atomization. This effort is primarily directed toward studies
related to droplet deformation, drag, and breakup, as these processes tend to
influence the ultimate size and motion of droplets and are of great importance in
efforts to model sprays. Certain more basic and general atomization studies for
airblast atomizers are also included. The importance of the atomization process,
particularly in combustion applications, has resulted in the publication of hun-
dreds of papers and reviews concerned with various aspects of these subjects. A
selection of these studies, representing classical and current procedures,
results, and theories, is summarized in this appendix. This summary, together
with that in Appendix A, provides a complete description of the state of the art
of atomization as it applies to liquid rocket ehg1nes. The summary should serve
as a useful reference to those familiar with this area and as a basic introduc-
tion for those entering this field of study.
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II. DESCRIPTION OF INJECTOR ELEMENTS

,ﬁé This section presents the details of the injector elements designed, constructed,
and tested as a part of this program. Early in this program, nine typical
I.OX/hydrocarbon elements were selected for atomization and mixing testing. These
were all triplet, pentad, or coaxial elements. The primary characteristics of
these baseline elements are presented in Table 2-1. Each of the impinging ele-

R ments was constructed in the form of a small disc (approximately 2.25 inches 1in
;” diameter by 0.75 inch thick). A high-pressure mounting assembly was constructed
to support and provide 1iquid and gas manifolding for the interchangeable element
discs. The coaxial elements could also be utilized with this mounting assembly.
Detail design drawings of the mounting assembly and these nine baseline elements

are presented in Ref. 1-1.

% The 1liquid/liquid mixing testing originally planned to be accomplished during
this program was very extensively, and successfully, increased. This testing
required the construction of additional injectors. The first set of these injec-
tors consisted of eight new liquid/liquid-triplet, single-element discs. These
are elements 10 through 17. Detail design drawings of these element discs are

N

presented in Fig. 2-1.

To provide a basis for comparison of the results of these liquid/liquid-triplet

tests and earlier Jet Propulsion Laboratory (JPL) tests, a triplet element
employing the JPL design practices was constructed. To the greatest extent pos-
sible, every important feature of the JPL triplets was 1incorporated into this
element. A JPL triplet orifice design is presented in Fig. 2-2, and the
Rocketdyne ‘copy" of this design is presented in fig. 2-3 and 2-4. Fig. 2-3
shows the overall assembly, and Fig. 2-4 presents the details of the injector

orifice inserts.

The final injectors designed to support the expanded 1liquid/liquid mixing test

program consisted of a set of multiple element, like doublet injectors. This
injector pattern was identified under a Rocketdyne IR&D program as a likely can-

didate for a large LOX/RP-1 booster. This design was based on the concept of a
"box" of 1ike doublets of one propellant surrounding each 1like doublet of the

9 ' RI/RD85- 312
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TABLE 2-1. BASELINE LOX/HYDROCARBON IN.
INJECTOR ELEMENT SELECTI(
ORIFICE
DIAMETER
( INCHES)
PC IC APO APF
PATTERN| PROPELLANT (PSIA){ (°R) | MR | (PSI) | (PSI) | OXIDIZER | FUEL OXII
TRIPLET| LOX/RP-1 3500 | 2100 | 0.44 700 700! 0.0447 | 0.055 0.:
PB (LIQUID/LIQUID)
(FOF)
TRIPLET| LOX/CH4 2728 | 2100 | 0.49 700 346 | 0.045 0.063 0.:
PB (GAS/LIQUID)
(FOF)
PENTAD | LOX/CHy - 3500 | 2100 | 0.49 700 700 0.0712 | 0.0587 0.
PB (GAS/LIQUID)
(FOF)
TRIPLET| LOX/CH4 3500 | 2100 0.44 600 850 | 0.016 0.027 0.(
PB-EDNI| (GAS/LIQUID)
(FOF)
COAXIAL| LOX/CHg 3500 | 2100 0.49 700 700
PB (GAS/LIQUID)
TRIPLET| LOX/C3Hg 5250 | 1860 0.40 505 905| 0.05 0.08 0.:
P8 (LIQUID/LIQUID)
(FOF)
COAXIAL| LOX/CHy 3000 | 6400} 3.5 1000 400
MC (GAS/LIQUID)
TRIPLET | LOX/RP-1 2000 | 5900 2.8 350 700 0.065 0.050 0.:
MC (LIQUID/LIQUID)
(0F0)
COAXIAL| LOX/CqHg 4000 | 6400 | 3.0 1000 800
MC (GAS/LIQUID)

FQLDOUT FRAME






JECTORS

ORIGINAL PAGE IS

OF POOR QUALITY
')N
EORIFICE FREE STREAM
DIAMETER LENGTH
(INCHES) ( INCHES)
IMPINGE- | v
MENT 0 F OXIDIZER
YIZER | FUEL ANGLE FT/S | FT/S | OXIDIZER | FUEL REMARKS RECESS (I
250 0.239 60° 285 | 290 | 0.250 0.289 | REF: RI/RD81-129
(NAS8-33243)
300 0.276 50° 157 402 | 0.250 0.275 | REF: RI/RD81-129
% (NASB-33243) :
74 0.248 60° 144 554 0.250 0.289 | REF: RI/RD81-129 E
(NAS8-33243) £
)65 0.062 60° 229 | 595 | 0.098 0.112 | REF: IR&D
75 | 634 - - | REF: RI/RD81-129 0.12f
, (NAS8-33243)
25 0.40 . 60° 207 188 0.25 0.29 ELVERUM-MOREY
: = 0.66
; 100 | 500 - - | REF: RI/RD79-278 0.1
i (NAS8-33206)
35 0.35 60° 177 | 288 | 0.29 0.25 | ELVERUM-MOREY
= 0.66
700 | 600 - - | SIMILAR TO 0.23
ELEMENT 7 '

-

92 FOLDOUT FRAME







COAXIAL ELEMENTS

ORIGINAL PAGE is
OF POOR QuALMTY

OUTER TUBE INNER TUBE
INNER TUBE | UNDISTURBED ORIFICE
INNER TUBE |INNER TUBE | OUTER TUBE LENGTH FLOW LENGTH DIAMETER
ID (INCHES) [OD (INCHES) | ID (INCHES) | (INCHES) ( INCHES) ( INCHES)
0.088 0.1355 0.1735 2.3 0.525 0.0455
0.182 0.202 0.247 2.53 0.5 0.086
0.20 0.23 0.28 2.5 0.5 0.091
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other propellant. These injectors were constructed from two plexiglass plates
bonded together. This novel design concept allowed relatively simple and
- inexpensive fabrication of these cold-flow injectors. Details of the designs of
these 1injectors are presented in Fig. 2-5 through 2-9. Fig. 2-5 presents the
basic plate design employed for all the injectors, while Fig. 2-6 through 2-9
present the major details of each of the injector designs. Rationale for these
designs and additional descriptions of these element patterns can be found in
Section III.
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ITI. ULIQUID/LIQUID ELEMENT MIXING STUDY

The objective of the liquid/liquid mixing study was the acquisition and cor-
relation of cold-flow mixing data for LOX/hydrocarbon injectors. In the primary
phase of this study, a series of 71 1liquid/liquid mixing tests were performed at
Rocketdyne during the period from June 1984 to October 1985. Ten single-element,
unlike-triplet 1injectors were used in a test matrix designed to determine the
effect on mixing efficiency of variations in 1liquid density, impingement geom
etry, orifice characteristics, and collection distance, for the overall purpose
of evaluating existing ftriplet injector design correlations and developing

improved correlations where necessary.

A secondary phase of the liquid/liquid mixing study was conducted to evaluate the
mixing characteristics of a candidate 1like-doublet injector pattern proposed for
use in large LOX/hydrocarbon boosters. A series of 11 tests were performed in
October 1985, using four different injector models. 1In this case, the models
featured a multiple-element “"unit cell* configuration representative of the over-
all like-doublet pattern. The test matrix was designed to determine the effect
on mixing efficiency of propellant interchange, mass flow throttling, impingement
angle, and model scaling.

SINGLE-ELEMENT, UNLIKE-TRIPLET STUDY

The efficiency of combustion attained in a rocket engine is highly dependent upon
the uniformity of the mixture ratio produced by the injector. Most engines are
designed to operate at or near overall mixture ratios corresponding to the maxi.
mum of the theoretical performance curve. Since any deviation from the larget
mixture ratio can result in lower performance, it is evident that not only over

all mixture ratio, but also local mixture ratio must be accurately controlled in
order to achieve the highest possible performance from the engine. The objective
of successful injector design is therefore to deliver the propellants to the com-
bustion zone in a manner such that local variations in mixture ratio across the
injectant spray field are minimized with respect to the overall mixture ratio.

R1/RD8B5- 312
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The accepted parameter that defines the mixture ratio uniformity of an injectant
spray field was proposed several years ago by Rupe at JPL (Ref. 3-1). Known as
the overall mixing efficiency, or Em (E-sub-m) valie, this parameter 1s computed
as a mass weighted summation of the mixture ratio variations exhibited by a num-
ber of samples collected over a surface in the spray field. The mixing efficiency
equation takes the form subsequently shown; each local sample having a mixture
ratio different from the overall value is treated as a decrement from perfect
mixing, and weighted by the fraction of the overall collected mass it represents.

R-Rsh R-R:a
Em =100 |1- ZMFSb e EHFsa R (1)

In Eq. 1, Em Is the overall mixing efficiency of the element, R represents mix-
ture ratio expressed as oxidizer mass divided by total mass, and MF is the frac-
tion of the total collected mass contained in each individual sample. The sub-
script sa 1indicates a sample whose mixture ratio 1s above the overall value,

while sb indicates one whose mixture ratio is below the overall value. Mixing
efficiencies range from zero to 100%, with 100% implying that all samples tested
have the same mixture ratio, and zero implying that all samples consist of either
one component or another.

The problem of optimizing mixing efficiency for various 1iquid-on-1iquid imping-
ing injector element types was investigated by Rupe and his colleagues at JPL,
(Ref. 3-1), resulting in injector design correlations that have become widely
accepted over the years. These studies were among the first to document the
relationship between mixing uniformity and certain hydraulic and relative momen-
tum conditions of the impinging streams. For the case of the coplanar 1liquid/
1iquid triplet, the definitive JPL study was performed by Elverum and Morey (Ref.
3-2), culminating in the correlating parameter bearing their names. Al11 JPL
investigators cited the importance of 1iquid stream stability (1.e., stable, sym-
metrical velocity profile; similar centerline to mean-stream pressure ratio; and
Tow degree of radial spreading) as a prerequisite for consistent impingement and
subsequent hixing characteristics. This empha§1s on producing perfectly impinging
turbulent streams Ted to their use of precision-machined test orifices having
elliptically contoured entrances, roughened turbulence-inducing sections, and
overall lengths of at least 20 diameters.
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In the Elverum-Morey study, the propellant simulant combinations employed were
water/kerosene and water/carbon tetrachloride. 1In reporting the results, the
authors stated that by interchanging the two 1liquids 1in each simulant pair
between the inner and outer orifices of a particular element, they were able to
investigate the effects of density ratio (po/p1) variation over a range
from 0.54 to 1.85. Based on densities of 0.82, 1.00, and 1.59 g/cm3 for
kerosene, water, and carbon tetrachloride, respectively (Ref. 3-2), the four
discrete den- sity ratio possibilities for the reported simulant combinations are
more accur- ately seen to be 0.63, 0.82, 1.22, and 1.59. Other variations
included 1in the JPL study were an orifice diameter ratio (Do/Di) range of
0.71 to 1.30 (no discrete values reported), and at least two included impingement
angles: 60 and 90 degrees. A curve fit of the 11m1ted data generated in their
study produced a design correlation that has since become known as the
Elverum-Morey criteria for triplet injectors:

ﬁo oy A1 1.75
- p_ A = 0.66 (2)

where the subscript o implies an outer orifice and subscript 1 pertains to the
inner orifice. The A0 term is the area of one outer orifice. The term on the
left 1s referred to as the Elverum-Morey parameter. Based upon the very limited
data of the JPL study, the mixing efficiency appeared to be greatest when this
parameter was equal to 0.66. These criteria were reportedly valid only for
60-degree included angles; the optimum value for the 90-degree case was found to
be 0.42.

Prior to the Elverum-Morey study, the only accepted injector design correlation
was that proposed by Rupe for unlike impinging doublet elements (Ref. 3-3):

Py’ 1 ‘
L1 90 (3)

AP
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The Rupe criteria were hypothesized on the premise that the momenta and diameters
of the two streams must be equal to achieve optimum impingement and mixing char-
acteristics, a premise that was substantiated by extensive experimental results.
One objéctive of the Elverum-Morey study was to determine whether or not a corre-
lation of the form proposed by Rupe was applicable to triplet elements. Substi-
tution and rearrangement of Eq. 2 and 3 reveal the similarity between the Rupe
[Eq. (4)] and Elverum-Morey [Eq. (5)] forms:

o v 2 /A0S :
0o ("o
=% (% - k (4)
PyYy
oV 2/ a)\0:25
folo (£ % \

2\ A = k ()
p1V1 i .

On fitting selected data to the Rupe form, Elverum and Morey reported an optimum
k value of 0.625 for two triplet elements having diameter ratios (00/01) of
1.00 and 1.29. They further stated that both correlations [Eq. (4) and (5)] gave

the same result for the case of DO/D equal to 1.26, but diverged for diam-

eter ratios significantly different fro; 1.26. Algebraic manipulation of Eq. (4)
and Eq. (5) reveals that the two forms actually converge at a DO/D1 ratio of
1.41. Neither Eq. (4) nor Eq. (5) appears to have a theoretical basis for pre-
dicting optimum mixihg characteristics for triplet elements, and apparently the
empirical correlation shown in Eq. (2) was the best fit for the very 1imited data

of the Elverum-Morey investigation.

Experimental Objectives

The objectives of the 1iquid/1iquid triplet-mixing study were to determine the
effect on mixing efficiency of several variations in element geometry and injec-
tion conditions, in order to evaluate the validity of the tlverum-Morey criteria,
and possibly to develop an improved correlation. In addition to the Elverum-Morey
parameter, other comparative stream dynamic parameters, such as momentum ratio
and velocity head ratio, were evaluated in their relation to mixing efficiency.
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Table 3-1 summarizes the parameter variations assessed in the test program.
Water and 1, 1, 1-trichloroethane (TRIC) were used as simulants for RP-1 and LOX,
respectively, giving two possible values for stream density ratio: 0.76 and 1.32.
Ten triplet elements were employed -- a baseline element sized for an Elverum-
Morey parameter value of 0.66 at a nominal oxidizer/fuel mass mixture ratio of
2.8, and nine elements 1incorporating geometric variations around the baseline.
A1l but two of the elements were fabricated by electrical-discharge-machining
(EDM) the orifices. Orifice lengths were generally assigned a value of five diam
eters, and no entrance contouring was provided. The exceptions in terms of fab-
rication method were a drilled-orifice element (orifice L/Ds = §) whose orifice
entrances were rounded to a 0.030-inch radius, and a precision machined element
(orifice L/Ds = 24) similar to those employed in JPL mixing studies. Both con-
toured elements were otherwise identical to the baseline EDMed element. Layout
drawings of the EDM elements (elements 10 through 17) were presented in Fig. 2-1.
The drilled orifice element is the number 8 baseline element presented in
Table 2-7, and the details of the element designed to match the JPL elements are
presented in Fig. 2-3 and 2-4.

Experimental Procedure

The laboratory apparatus employed in the 1iquid/liquid testing is shown schem-
atically in Fig. 3-1. The injector elements were installed in a manifolding
fixture positioned over a rectangular collection grid comprising 260 (13 rows by
20 columns) 1/8-inch square tubes (Fig. 3-2a), each draining into a corresponding
60-milliliter graduated test tube (Fig. 3-2b). Between the collection grid and
the injector element was an air-activated shutter for diverting flow to and from
the grid. Propellant simulants were supplied to the injector by gaseous nitrogen
pressurization of the two 30-gallon 1iquid tanks. The procedure for performing
an individual run was as follows: target injection flow rates were achieved by
regulating the tank pressures with solenoid valves open and the shutter closed;
the shutter was opened for a timed liquid collection interval (approximately 20
to 50 seconds); the shutter was closed, followed by the solenoid valves; and
finally, the volumes of propellant simulants in each test tube were recorded.
Because of the immiscibility and differing densities of the TRIC and water, two
separate phases were clearly distinguishable in the test tubes, and volume
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TABLE 3-1. OBJECTIVES OF THE LIQUID/LIQUID-TRIPLET MIXING STUDY

PROPELLANT SIMULANTS

FUEL - WATER (DENSITY = 62.4 LB/FT3)
OXIDIZER - 1,1,1-TRICHLOROETHANE (DENSITY = 82.6 LB/FT3)

BASELINE ELEMENT

DO
D4

0.066 INCH
0.050 INCH

W

INCLUDED ANGLE = 60 DEGREES

(STZED FOR AN ELVERUM-MOREY PARAMETER VALUE OF 0.66 AT
AN OXIDIZER/FUEL MASS MIXTURE RATIO OF 2.8)

EFFECT OF THE FOLLOWING VARIABLES ON MIXING EFFICIENCY TO BE ASSESSED

PARAMETER

MIXTURE RATIO

DIAMETER RATIO (Dqy/Dy)
IMPINGEMENT ANGLE

ORIFICE DIAMETER

MASS FLOW RATE THROTTLING
FABRICATION METHOD

COLLECTION DISTANCE
INJECTANT CONFIGURATION

VARIATIONS

2.8 +25%

1.32 + 20%

60 DEGREES + 30 DEGREES
NOMINAL, /2 X NOMINAL
NOMINAL, /2 X NOMINAL

EDM, SHARP-EDGED; VS DRILLED,
CONTOURED ORIFICES

1, 2, AND 3 INCHES

0-F-0 VS F-0-F

VALIDITY OF THE ELVERUM-MOREY CRITERIA TO BE ASSESSED
2

m R A 1.75

_0 MR RY ks I 0

- > = 0.66
m, Po 0 :
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N
a. Square Tube Assembly
3 5AJ21.4/4/78-C1A
b. Test Sample
Figure 3-2. Liquid/Liquid Mixing Test Apparatus ‘
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measurements of each component were recorded to an accuracy of +0.2 milliliter.
Distinction between the two 1liquids was facilitated by dissolving an inert red
dye into the TRIC each time the tank was filled. 1In many tests, it was necessary
to measure and record TRIC and water gquantities from nearly all the graduated
test tubes. Thus, as many as 520 measurements of propellant distribution were
obtained in each test. All these data were input to a computer code that con-
verted them to mixing efficiency data, plots of mass flux distributions, and
other data. Detaills of this code and plots of mass flux distributions from ear-
lier liquid/liquid triplet tests are presented in Ref. 1-1. The primary output
for this detailed study of the effects of injector design parameters on mixing
efficiency, is the mixing efficiency.

Test Plan and Preliminary Data Analysis

Prior to testing, all the elements were flow calibrated over a narrow pressure
drop range corresponding to the range projected for each element in subsequent
test runs. Based on the mass-flow-rate versus pressure-drop (discharge coef-
ficient) data obtained, run conditions were formulated for a series of tests
designed to meet the parameter variation specifications outlined in Table 3-1.
This test plan is presented in Table 3-2. When the plan was formulated, it was
assumed that measurement of orifice pressure drops during test runs was suffic-
jent for accurate computation of injectant flow rates, given the discharge coef-
ficient data for each element. Therefore, volumetric flowmeters were not included
in the test apparatus. During data analysis following the completion of the
testing, however, it became apparent that in some cases a single target pressure
drop across an orifice had produced widely disparate mass flow rates over the
course of several test runs. The evidence suggested that the inner orifice pres-
sure drop of 30 psid specified for the majority of the test runs often resulted
in fluid cavitation, a phenomenon that went undetected during the narrow range

flow calibrations.

To clarify the test results, further calibration testing was performed, with both
water and TRIC being separately flowed through first the inner and then the outer
orifice sides of each element. Calibration data for the element 10 baseline are
shown in Fig. 3-3 and 3-4. Figure 3-3 shows data obtained by calibrating the
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TABLE 3-2. LIQUID/LIQUID-TRIPLET TEST MATRIX

' TARGET
COLLECTION |DELTA |DELTA OXIDIZER/FUEL
TEST DISTANCE [P OUT {P IN |INJECTION | MASS MIXTURE

ELEMENT NUMBER | (INCHES) | (PSI) |(PSI) | PATTERN RATIO
TRIPLET 10 1 2 5.7 ]30.0 0-F-0 2.10
Do = 0.066 INCH 2 2 10.1 |30.0 0-F-0 2.80
Dy = 0.050 INCH 3 2 15.8 [30.0 0-F-0 3.50
© = 60 DEGREES 4 2 22.6 130.0 0-F-0 4.20
(BASELINE 5 2 20.2 [60.0 0-F-0 2.80
ELEMENT) 6 2 24.2 160.0 0-F-0 3.50

1 2 45.3 160.0 0-F-0 4.20

8 2 20.6 |30.0 F-0-F 0.33

9 2 13.3 |30.0 F-0-F 0.41

10 2 8.6 |30.0 F-0-F 0.5

11 2 4.5 130.0 F-0-F 0.70

12 1 10.7 }30.0 0-F-0 2.80

13 3 10.1 {30.0 0-F-0 2.80

TRIPLET 1 14 2 11.3 {30.0 0-F-0 2.10
Do = 0.055 INCH 15 2 20.0 130.0 0-F-0 2.80
Dy = 0.050 INCH 16 2 30.0 |28.8 0-F-0 3.50

6 = 60 DEGREES

TRIPLET 12 17 2 2.8 130.0 0-F-0 2.10
Dy = 0.079 INCH 18 2 5.1 |30.0 0-F-0 2.80
Dy = 0.050 INCH 19 2 7.9 |30.0 0-F-0 3.50

6 = 60 DEGREES 20 2 12.8 |30.0 0-F-0 4.50
21 2 21.3 [30.0 F-0-F 0.23

22 2 12.8 [30.0 F-0-F 0.30

23 2 8.5 |30.0 F-0-F 0.36

1 TRIPLET 13 24 2 5.9 {30.0 0-F-0 1.00
Do = 0.046 INCH 25 2 11.7 [30.0 0-F-0 1.40
Dy = 0.050 INCH 26 2 30.0 |34.8 0-f-0 2.10

6 = 60 DEGREES

217 2 29.3 130.0 F-0-F 0.59

28 2 17.6 [30.0 F-0-F 0.77

29 2 11.7 130.0 F-0-F 0.94
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@ = 60 DEGREES

TABLE 3-2. (Concluded)
TARGET
COLLECTION | DELTA | DELTA OXIDIZER/FUEL
TEST DISTANCE P OUT | P IN INJECTION [MASS MIXTURE

ELEMENT NUMBER ( INCHES) (PSI) | (PSI) PATTERN RATIO
TRIPLET 14 30 2 9.0 {30.0 0-F-0 2.10
Dy = 0.093 INCH 31 2 16.0 {30.0 0-F-0 2.80
Dy = 0.071 INCH 32 2 25.0 130.0 0-F-0 3.50

6 = 60 DEGREES
33 2 32.6 1{30.0 F-0-F 0.33
34 2 21.1 30.0 F-0-F 0.41
35 2 13.7 30.0 F-0-F 0.51
36 1 16.0 130.0 0-F-0 2.80
37 3 16.0 {30.0 0-F-0 2.80
TRIPLET 15 38 2 6.5 [30.0 0-F-0 2.10

Do = 0.066 INCH 39 2 11.5 130.0 0-F-0 2.80,

Dy = 0.050 INCH 40 2 13.0 {30.0 0-F-0 3.50

© = 30 DEGREES
TRIPLET 16 41 2 6.0 {30.0 0-F-0 2.10
Do = 0.066 INCH 42 2 10.8 |30.0 0-F-0 2.80
Dy = 0.050 INCH 43 2 16.8 |30.0 0-F-0 3.50

© = A5 DEGREES
TRIPLET 17 44 2 1.1 30.0 0-F-0 2.10
Do = 0.066 INCH 45 2 12.6 |30.0 0-F-0 2.80
Dy = 0.050 INCH 46 2 19.7 30.0 0-F-0 3.50

6 = 90 DEGREES
TRIPLET 8 47 2 6.9 |30.0 0-F-0 2.10
Do = 0.065 INCH 48 2 12.2 {30.0 0-F-0 2.80
Dy = 0.050 INCH 49 2 19.0 |30.0 0-F-0 3.50

IN ALL OTHERS

DRILLED, CONTOURED ORIFICES IN TRIPLET 8 VERSUS EDM, SHARP-EDGED ORIFICES

R1/RD85-312
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inner orifice with water over a pressure drop range from 10 to 50 psid. Data
points at pressure drops less than 25 psid follow the Cd = 0.83 1ine, while those
above 35 psid follow the Cd = 0.68 line. This shift in discharge coefficients
between 25 and 35 psid apparently signifies a transition from a noncavitating to
a cavitating flow regime. However, as evidenced by the data points near 30 psid,
the transition is characterized by a region wherein the exact pressure drop at
which the onset of cavitation occurs is uncertain. Unfortunately, the majority
of mixing test runs were conducted with inner orifice water pressure drops near
30 psid, resulting in flow-rate uncertainty. Tﬁe calibration data for TRIC flow
through the element 10 outer orifices, presented in Fig. 3-4, do not exhibit the
same pronounced Cd shift seen in Fig. 3-3. 1In this case, a smooth transition
occurs from Cd = 0.72 at 5 psid pressure drop to Cd = 0.66 at 50 psid, and
whether or not the decrease in Cd 1s caused by fluid cavitation is uncertain. It
is also quite 1ikely that other effects, in addition to or instead of fluid cavi-
tation, are responsible for the variations 1in discharge coefficient. Increased
turbulence, changes in the vena contracta et al, can affect flow rate.

The calibration plots presented for element 10 are typical of those generated by
the EDMed (sharp-edged orifice) elements. Element 8, however, with 1ts radially
contoured orifice entrances, produced data for both inner and outer orifice sides
much Tike those shown in Fig. 3-4, exhibiting only a gradual decrease in dis-
charge coefficient as pressure drop was increased from 10 to 50 psid (from Cd
0.80 to Cd = 0.74 for the inner orifice flowing water, and from Cd = 0.82 to Cd
0.79 for the outer orifices flowing TRIC). Thus, the cavitation phenomenon result-

ing in flow-rate uncertainty appeared to be characteristic of only the inner ori-
fices of the EDMed elements.

The issues remaining to be resolved, then, were two: an accurate confirmation of
mass flow rates in the tests already performed, and a determination of the effect
of fluid cavitation on mixing efficiency results. The first issue was resolved
by simply calculating the propellant simulant flow rates for all runs directly
from the 1iquid masses collected in the grid and including a small correction for
the mass fluxes falling outside the grid as determined by an extrapolation tech-
nique. The accuracy of this method was verified by performing tests in which
Injection flow rates were measured with turbine flowmeters, and compared with the

RI/RD85-312
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flow rates determined subsequently by summation of the collected masses. The run
conditions for these 12 additional tests (tests 50 through 61) are presented in
Table 3-3, and in all cases, the calculated flow rates were within 5% of the
metered rates. Thus, the issue of the validity of the flow-rate data was resolved.

TABLE 3-3. ADDITIONAL TESTS CONDUCTED TO ASSESS CAVITATION EFFECTS

TARGET
COLLECTION| DELTA | DELTA OXIDIZER/FUEL
TEST DISTANCE | P OUT | P IN | INJECTION| MASS MIXTURE
ELEMENT NUMBER { (INCHES) [ (PSI) | (PSI) | PATTERN RATIO
TRIPLET 10 50 2 7.0 | 23.8 0-F-0 1.94
Do = 0.066 INCH 51 2 11.5 | 20.1 0-F-0 2. N
Dy = 0.050 INCH 52 2 18.8 | 20.1 0-F-0 3.46
6 = 60 DEGREES 53 2 30.0 | 20.0 0-F-0 4.29
54 2 50.0 | 23.0 0-F-0 4.90
(BASELINE 55 2 1.2 | 32.2 0-F-0 1.99
ELEMENT) 56 2 11.8 | 30.0 0-F-0 2.63
517 2 20.0 | 32.5 0-F-0 3.33
58 2 31.8 | 32.2 0-F-0 4.08
59 2 50.0 | 32.0 0-F-0 4.87
60 2 29.7 | 20.0 0-F-0 4.26
61 2 31.7 | 32.1 0-F-0 4.08

The effect of fluid cavitation on mixing efficiency results was also addressed in
tests 50 through 61. In runs 50 through 54, inner orifice pressure drops were
held under 25 psid to ensure noncavitating flow. Runs 55 through 59 were then
conducted such that the injectant flow rates corresponded as closely as possible
with the respective conditions of the previous five runs, except that in the lat-
ter five runs, the inner orifice pressure drops were increased to ensure cavitat-
ing flow. (The fact that identical mass flow rates can be achieved at two dif-
ferent pressure drops is clearly evident in Fig. 3-3, and producing the two con-
ditions experimentally was relatively easy where a turbine flowmeter was used.)

Summary of Test Results

Overall Comparisons. A summary of results for the 61 liquid/1iquid mixing tests
's presented in Table 3-4, including mixture ratios, propellant simulant col-
lection efficiencies, mixing efficiencies, and the comparative stream dynamic
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TABLE 3-4. RESULTS OF COMPLETED LIQUID/LIQUID-TRIPLET TEST MATRIX

W’
ORIDIZER | FUEL DVERALL oUT/IN
. (TRIC) (H0) MIXING | ouT/IN | VELOCITY ELVERUN-
TEST | ELEMENT | OXIOTZER/FUEL | coLLECTION | coLLECTION | EFFICIENCY | WOMENTUN |  HEAD RUPE WOREY !
NUMBER | NUMBER | MIXTURE RATIO| EFFICIENCY | EFFICIENCY |  (Eq) RATIO | RATIO | PARAMETER | PARAMETER
1 10 2.38 0.90 0.96 0.85 1.22 0.35 0.46 0.48
2 10 2.62 0.91 0.95 0.90 1.49 0.43 0.58 0.58
3 0 2.99 0.89 0.91 0.94 1.94 0.56 0.7 0.76
4 10 .29 0.87 0.88 0.96 3.99 1.4 1.50 1.56
5 10 2.3 0.89 0.93 0.68 1.21 0.35 0.46 0.47
6 10 2.1 0.87 0.92 0.92 1.61 0.46 0.6 0.63
1 10 3.2 0.87 0.84 0.96 2.1 0.61 0.80 0.83
8 10 0.33 0.81 0.89 0.78 | 3.40 0.97 1.28 1.33
3 10 0.44 0.89 0.9 0.80 2.00 0.57 0.75 0.78
10 10 0.49 0.92 0.89 0.76 1.60 0.4 0.61 0.63
n 10 0.56 0.97 0.85 0.63 1.2 0.35 0.46 0.48 T
12 10 2.54 0.99 0.99 0.85 1.40 0.40 0.53 0.55
13 10 2.15 0.87 0.89 0.88 1.00 0.29 0.38 0.39
14 n 1.84 0.94 0.96 0.88 1.06 0.44 0.48 0.54
15 n 2.17 0.92 0.92 0.94 1.47 0.61 0.67 0.76
1% n 3.08 0.9 0.92 0.97 2.99 1.20 1.32 1.49
M 12 2.09 0.90 0.95 0.80 0.66 0.13 0.20 0.20°
0 12 2.36 0.89 0.94 0.88 1.33 0.2 0.43 0.40
19 12 3.3 0.91 0.94 0.90 1.66 0.33 0.52 0.50
IR R 4.3 0.91 0.93 0.94 2.97 0.60 0.95 0.89
21 12 0.22 0.96 0.87 0.7 5.4 1.08 1.1 1.62
22 12 0.27 0.98 0.89 0.66 .51 0.70 IB1] 1.05
23 12 0.24 0.99 0.89 0.64 2.32 .46 0.73 0.69
2 1 0.85 0.99 0.99 0.46 0.33 0.19 0.17 0.22
25 13 1.42 0.9 0.97 0.76 0.89 0.53 0.49 0.60
2 13 2.05 0.91 0.95 0.90 1.81 1.10 1.0 1.26
2 13 0.49 0.96 0.92 0.76 3.24 1.91 1.76 2.18
28 13 0.63 0.58 0.92 0.78 1.96 1.16 1.07 1.32
2 13 o 0.99 0.91 0.7 1.56 0.92 0.85 1.05
30 1 2.29 0.92 0.96 0.86 1.16 0.34 0.44 0.45
N 14 2.88 0.91 0.95 0.92 1.82 0.53 0.69 0.72
32 14 3.48 0.90 0.94 0.95 2.67 0.78 1.02 1.06
0 1" 0.35 0.95 0.92 0.82 3.15 0.92 1.20 1.25
M 14 0.42 0.97 0.91 0.81 2.20 0.64 0.84 0.87
3 W 0.5 0.98 0.91 0.72 1.9 0.43 0.5 0.58
0 14 2.48 0.99 0.99 0.86 1.35 0.39 0.51 0.54
3 14 2.20 0.82 0.9 0.90 1.0 0.31 0.4) 0.42
k) 15 2.4 0.99 0.99 0.88 1.06 0.20 0.40 0.41
39 15 2.70 0.99 0.99 0.92 1.53 0.43 0.58 0.59
40 15 3.4 0.99 0.9% 0.95 2.49 0.69 0.92 0.95
n 16 2.2 0.96 0.98 0.82 0.97 0.28 0.37 0.38
42 1% 3.29 0.95 0.97 0.96 2.35 6.6 0.88 0.92
3 % 3.05 0.95 0.95 0.92 2.02 0.58 0.76 0.79
“ 17 1.73 0.89 0.96 0.76 0.65 0.19 0.25 0.25
45 17 2.30 0.50 0.95 0.84 1.4 0.33 0.44 0.45
4% 17 2.78 0.86 0.92 0.90 1.68 0.48 0.63 0.56
4 8 1.90 0.89 0.94 0.88 0.80 0.4 0.31 0.32
48 8 2.54 0.89 0.88 0.97 1.45 0.43 0.56 0.58
9 8 3.38 0.88 0.83 0.95 2.55 0.75 8.98 1.02
50 0] .94 0.68 0.95 0.86 0.8 0.23 0.30 0.32
5 10 2.n 0.87 0.89 0.94 1.59 0.46 0.61 . 0.62
52 10 3.46 0.85 0.76 0.95 2.59 0.7 0.98 1.02
53 10 429 0.85 0.82 0.94 3.98 1.14 1.50 1.56
54 10 4.90 0.74 0.46 0.9 5.21 1.49 1.97 2.04
55 10 .99 0.88 0.97 0.85. 0.86 0.25 0.3 0.34
56 10 2.63 0.84 0.94 .92 1.50 0.43 .57 0.59
57 10 .33 0.85 0.97 0.95 2.40 0.69 0.91 0.94
58 10 4.08 0.84 0.84 0.97 3.61 1.04 1.37 V.42
59 10 4,87 - 0.7 0.66 0.96 5.21 1.48 1.95 2.02
&0 10 4.2 0.82 0.70 0.94 3.94 1.1 1.49 1.55
61 10 4.08 0.83 0.88 0.95 3.6 1.04 .37 1.42
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parameters momentum ratio, velocity head ratio, Rupe parameter [defined 1in
Eq. (4)], and Elverum-Morey parameter. Collection efficiency is defined as the
ratio of collected 1iquid mass to iInjected liquid mass. Given the methods used
to determine injected mass flow rates, collection efficiency was calculated as
the ratio of collected mass to the sum of collected mass plus the overshoot esti-
mate. Collection efficiencies exceeded 90% in the majority of test runs. From a
qualitative standpoint, the raw volumetric data indicate that collection effic-
jencies had no appreciable effect on computed mixing efficiencies and performance
parameters (i.e., the minor portion of injected mass escaping collection probably
comprised approximately the same ratio of the two components as that exhibited by
the collected portion of the spray fan). The incidence of gradually decreasing
1iquid collection efficiency with increasing stream dynamic head 1s evident, but
again, this effect was not expected to appreciably alter computed parameters.

Plots of mixing efficiency versus the comparative stream parameters of velocity
head ratio, momentum ratio, Rupe parameter, and Elverum-Morey parameter are pre-
sented in Fig. 3-5 through 3-8. Note that the convention adopted in the calcula-
tion of these parameters is the ratio of outer to inner streams--the fuel versus
oxidizer notation arises only in connection with mass mixture ratio (oxidizer/
fuel), and injectant configuration, O0-F-0 and F-O-F. Because the reversal of
injectant configuration from 0-F-0 to F-0-F consistently resulted in lower mixing
efficiencies over the entire range tested for each performance parameter, a dis-
tinction between the two configurations has been incorporated into Fig. 3-5
through 3-8. Al1l four plots show a similar trend--mixing efficiency increases as
the comparative stream dynamic parameter in question increases, with no optimum
value evident. Both of these results run contrary to the findings of Elverum and
Morey, who reported no density effect over a wider range of variation, and an
optimum value of 0.66 for their correlating parameter, based on their very
Timited data. While none of the plots exhibits a clear optimization of mixing
efficiency over the range tested, any of the four could be employed as a basis
for evaluating the effect on mixing efficiency of variations in the individual
parameters specified in the test plan. Because the Elverum-Morey parameter 1is
the common design criterion, it was chosen as the basis for comparison of these

test results.
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Figure 3-5.

VELOCITY HEAD RATIO (OUTER/INNER)

Overall Mixing Efficiency vs Velocity Head Ratio for A1l Test Runs
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Cavitation Effects. Before further analysis of the data, 1t was necessary to
establish the effect on mixing efficiency of cavitating versus noncavitating flow

and collection distance, and to assess the repeatability of specific data points.
Foremost among these 1issues was the question of whether or not fluid cavitation
appreciably affected element mixing characteristics. The cavitation issue is
important for two reasons. First, because the 1nc1dence of cavitation in indi-
vidual runs was fairly random throughout the test matrix, if mixing characteris-
tics were shown to be appreciably altered by its occurrence, the validity of com-
paring results between cavitating and noncav1tating tests would be suspect (3.e.,
the internal consistency of the data would be threatened). Second, in actual hot-
firing of 11quid rocket thrust chambers, propellants are injected into a high-
backpressure environment, effectively precluding the incidence of cavitation in
the orifices. Therefore, if mixing characteristics were shown to be altered by
cavitation, the application of correlations obtained in cavitating test runs to
conditions known to be noncavitating would be suspect (i.e., the external applic-
ability of the data would be threatened).

Cavitation in fluids passing through an orifice with a sharp-edged entrance is a
complex phenomenon. It is most simply thought to occur when the static pressure
in the 1iquid falls below the vapor pressure of the 1iquid. Bubbles form that
can have large effects on flow characteristics such as discharge coefficients,
stream turbulence, and stream coherence, and, in some cases, can lead to detached
(from the orifice wall) and hydraulically flipping streams (detached and jumping
from one side of the orifice to another side).

The flow and orifice conditions that affect or cause cavitation are not simple.
Vena-contracta effects at the entrance, upstream flow conditions, dissolved gases
in the 1iquid, and many other factors influence the 1nitiation, degree, and
effects of cavitation. Furthermore, hysteresis effects cause the onset or cessa-
tion of cavitation to be dependent upon whether or not the flow rate is increas-
ing or decreasing. As shown 1in Ref. 3-4, different regimes of cavitation can
occur which have differing, and sometimes 1ittle, effect on the measured mixing
efficiency of 1ike doublets. If the stream is completely attached to the orifice
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wall at the orifice exit, upstream cavitation may be expected to have Tittle
effect on mixing. Also, according to Ref. 4, if the stream is uniformly detached
(and not flipping), unlike, impinging doublet mixing will be 1ittle affected. To
resolve the issue of the effects of cavitation in the present test program, the
simplest approach was to perform tests that differed only by the presence of
cavitation, and to observe the effect on mixing efficiency.

Figure 3-9 shows the results of the test runs designed to address the cavitation
issue. The cavitating versus noncavitating test pairs at each of the five
Elverum-Morey parameter values (i.e., mixture ratio conditions) are seen to
closely coincide with respect to mixing efficiency -- the maximum spread in Em is
3% at an Elverum-Morey parameter value of approximately 1.50. Presented 1in
Fig. 3-10 is a plot of another four data pairs, showing the results of repeat-
ability assessment tests. In this case, the maximum spread in mixing efficiency
observed between two members of a pair is 2%. 1In light of this 2% repeatability
error, the cavitating/noncavitating data pairs of Fig. 3-9 can be taken as essen-
tially coincident points, thus ensuring the validity of internal comparison and
external application of the data generated in the test matrix.

Collection Distance Effects. Figure 3-11 shows the l1imited number of data points
used to determine the effect of varying collection distance on mixing efficiency.

Choice of collection distance in mixing studies 1is essentially arbitrary. The
baseline value of 2 inches chosen for this test program is a fairly common stand-
ard for studies of this nature, and, in this case, a convenient distance for cap-
turing the tripiet spray fans in a large portion of the 1-5/8 by 2-1/2 finches
grid with a minimum of overshoot. The four data points plotted in Fig. 3-12 show
that mixing efficiency increased from 1 to 2 1inches, and again from 2 to 3
inches, by approximately 5% in both cases. Relative spatial distribution of pro-
pellant simulants remained essentially the same in both test pairs. While the
magnitude of the mixing efficiency increase is greater than the Timits of repeat-
ability error, it is still not overly sign1f1cant; and the trend 1is in the
expected direction (i.e., mixing improves at greater collection distance). It
would be hard to rationalize a spray becoming less mixed with axial distance.
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Additional collection distance data are provided in the report of an Aerojet
study (Ref. 3-5), 1in which four different injector elements were tested at dis-
tances of 1/2, 1, 1-1/2, and 2 inches each. The Aero)et data are presented in
Fig. 3-12 alongside the data from this study. No consistent trend is evident in
these plots, as mixing efficiency varied anywhere from 2.4% to 6.7% for the ele-
ments as collection distance was varied. Furthermofe, in some cases the mixing
efficiency decreased with collection distance. The test performed as a part of
this program and the Aerojet tests indicate that the effect of varying collection
distance on mixing efficiency is not substantiai, under the conditions of these
tests.

Effect of Variations in Individual Parameters. Figures 3-13 through 3-15 show
the effect on mixing efficiency of relative stream diameter. Five elements hav-

ing different outer orifice to inner orifice diameter ratios were tested in the
0-F-0 configuration to generate the data of Fig. 3-13. These data show no sig-
nificant effect on mixing efficiency of variations in 00/01' except for the
element 1in which DO/D1 was less than unity (element 13, Do/D1 = 0.92).
Mixing efficiencies of this element fell significantly Tower than those produced
by the other elements. Figure 3-14 shows the effect of diameter ratio variation
for four elements flowed in the F-0-F configuration, and in this case, the data
exhibit no simple trend that can be translated into a generalized diameter ratio
effect. The elements with both the highest and lowest diameter ratios experienced
poorer mixing. As mentioned previously, configuration reversal from 0-F-0 to
F-0-F consistently resulted in lower mixing efficiency. The data presented in
Fig. 3-15 were generated by using elements whose outer orifice to inner orifice
diameter ratios were equal, but whose total flow area differed by a factor of 2.
In this case, the data indicate that orifice size has no effect on mixing effic-
lency. This should not be interpreted to imply that larger elements will provide
mixing that is as good as smaller elements. Mixing efficiency is a measure of
mixing uniformity per unit ﬁass of propellant injected. Larger elements will
have larger regions of "off-design" mixture ratio than smaller elements, even
though both may have the same mixing efficiency. These larger regions will
require longer chamber Tlengths to be mixed with surrounding gases. Figures 3-13
to 3-15 again 1llustrate that no definite Elverum-Morey optimum was evident over
the range tested.
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Figure 3-16 shows data generated in tests where impingement angle was varied,
with orifice diameters held constant. The four values of total included angle
between outer streams were 30, 45, 60, and 90 degrees. Although one of the data
points falls anomalously outside the scatter band of the other tests, the results
of this test series indicate that impingement angle has no significant effect on
mixing efficiency. By contrast, Elverum and Morey reported a pronounced effect:
for 60-degree impingement angles, the optimum Elverum-Morey parameter value was
computed to be 0.66, while for 90-degree angles, 0.42 was the reported optimum.

The effect on mixing efficiency of increased orifice pressure drop, with mixture
ratio held approximately constant, is shown in Fig. 3-17. 1In four of these test
runs, mass flow rates were set at "nominal" values for producing the desired mix-
ture ratios. In the other four runs, elevated pressure drops (approximately twice
the nominal values) were achieved to produce approximately the same mixture
ratios, with approximately 40% increase in both TRIC and water flow rates. As is
evident from the plot, no significant effect on m1x1ng effictency was observed.

Data presented in Fig. 3-18 illustrate the effect on mixing efficiency of differ-
ent orifice machining methods. The two elements employed in this test series were
dimensionally identical, but in one case the orifices were drilled and provided
with rounded (0.030-inch radius) entrances, and in the other, the orifices were
EDMed and left with sharp-edged entrances. Although only six data points were
generated with element 8, the trend apparent from these points could possibly be
construed to exhibit a mixing efficiency maximum near the optimum proposed by
Elverum and Morey (approximately 0.65). The element 10 data followed the same
general trend observed in the bulk of the test results, with mixing efficiency
increasing with increasing Elverum-Morey parameter.

Investigation of Orifice Contouring, Fabrication Method, and Flow Control Feature

Effects. The question posed by the results of this fabrication method test series
was whether the apparent optimum in the element 8 data was. in fact a reproducible
trend, or simply caused by data scatter. Furthermore, i1t was theorized that per-
haps the differences between these tests and the 1imited JPL tests could be the
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result of the differences in orifice inlet contouring, fabrication method, and/or
the JPL specifications for turbulence generation and long length to diameter ori-
fices. Were the conclusions about the Elverum-Morey parameter optimum, indicated
by the JPL reports and perhaps by the six tests with element 8, caused by these
differences, or were they simply the result of a very small collection of
scattered data? This is an important question, as the Elverum-Morey criterium has
long been applied as an important triplet design consideration.

To resolve this issue, additional tests were proposed for the element 8, and for
an additional element, designated 20, which was fabricated to closely resemble
those employed by JPL investigators. Triplet element 20 was formed by position-
ing three approach tube/orifice insert assemblies on a mounting fixture in a
60-degree impingement configuration with impingement distances identical to those
of the one-piece elements 8 and 10. Element 20 orifice diameters matched those
of element 10, but lengthy orifice L/Ds, entrance contouring, and inner surface
roughening were included, as derived from the JPL standards. A summary of the
potentially important differences among the elements 8, 10, and 20 is presented
in Table 3-5, and detailed designs of these elements are presented in Section II.

A schematic drawing of an approach tube/orifice insert assembly employed in the
JPL mixing studies (Ref. 3-1) is shown in Fig. 2-2. Orifice inserts of this type
were precision-machined to 1include elliptically contoured entrances; a short,
roughened section downstream of the entrance for inducing turbulence (achieved by
tapping the inside diameter to provide a short length of threading); and overall
Tength-to-diameter ratios exceeding 20.

Table 3-6A shows the additional tests performed with the elements 8 and 20, fol-
lowed by the results of these tests. Data from the elements 8, 10, and 20 tests
are plotted in Fig. 3-19. Pronounced optimums in the elements 8 and 20 data are
not evident. The results presented in Table 3-6B and Fig. 3-19 appear to under-
score the general trend observed for all elements tested in this study -- mixing
efficiency 1increased stead11y as the Elverum-Morey parameter 1increased from
approximately 0.3 to 0.8, then leveled off at a high value with further increase
in the Elverum-Morey parameter. This result is in marked contrast to the findings
of Elverum and Morey. Included in Fig. 3-19 are five of the actual data points
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TABLE 3-5. SUMMARY OF VARIATIONS IN ORIFICE CONTOURING
ELEMENT 8: OUTER ORIFICE DIAMETER 0.065 INCH
INNER ORIFICE DIAMETER 0.050 INCH
LENGTH/DIAMETER RATIO 5.0 (ALL ORIFICES)
ORIFICE ENTRANCE RADIUS 0.030 INCH (ALL ORIFICES
ELEMENT 10:  OUTER ORIFICE DIAMETER 0.066 INCH
INNER ORIFICE DIAMETER 0.050 INCH
LENGTH/DIAMETER RATIO 5.0 (ALL ORIFICES)
ORIFICES ENTRANCES SHARP-EDGED
ELEMENT 20:  OUTER ORIFICE DIAMETER 0.066 INCH
ENTRANCE RADIUS 0.061 INCH
LENGTH/DIAMETER RATIO 24.0
TURBULENCE INDUCEMENT 2-56 THREADED SECTION
INNER ORIFICE DIAMETER = 0.050 INCH
ENTRANCE RADIUS 0.057 INCH
LENGTH/DIAMETER RATIO 24.0
TURBULENCE INDUCEMENT 0-80 THREADED SECTION
TABLE 3-6A. ADDITIONAL TESTS CONDUCTED TO TEST FABRICATION METHOD
TARGET
COLLECTION | DELTA | DELTA OXIDIZER/
TEST DISTANCE | P OUT | P IN |INJECTION FUEL MASS
ELEMENT NUMBER | (INCHES) | (PSI) | (PSI) PATTERN |MIXTURE RATIO
TRIPLET 20 62 2 9.2 126.9 0-F-0 2.35
Do = 0.66 INCH 63 2 12.0 | 26.5 0-F-0 2.70
Dy = 0.050 INCH 64 2 14.5 |26.7 0-F-0 2.96
8 - 60 DEGREES 65 2 18.5 |26.5 0-F-0 3.35
66 2 22.9 |26.5 0-F-0 3.73
TRIPLET 8 67 2 9.7 |[26.7 0-F-0 2.34
Dy = 0.065 INCH 68 2 12.5 |26.1 0-F-0 2.66
Dy = 0.050 INCH 69 2 15.5 |26.8 0-F-0 2.96
8 = 60 DEGREES 70 2 19.4 | 26.5 0-F-0 3.33
n 2 24.4 |26.8 0-F-0 3.M
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TABLE 3-6B.

RESULTS OF ADDITIONAL FABRICATION METHOD TESTS

OXIDIZER FUEL OVERALL OUT/IN
OXIDIZER/FUEL (TRIC) (H20) MIXING OUT/IN | VELOCITY ELVERUM-
TEST | ELEMENT MASS COLLECTION | COLLECTION| EFFICIENCY | MOMENTUM HEAD RUPE MOREY
NUMBER | NUMBER | MIXTURE RATIO { EFFICIENCY | EFFICIENCY (Ep) RATIO RATIO PARAMETER | PARAMETER
62 20 2.35 0.82 0.95 0.88 1.20 0.34 0.45 0.49
63 20 2.70 0.83 0.98 0.92 1.57 0.44 0.58 0.65 .
64 20 2.96 0.83 0.93 0.95 1.89 0.54 0.7 0.78
65 20 3.35 0.83 0.81 0.95 2.44 0.70 0.92 1.00
66 20 3.73 0.83 0.76 0.95 3.02 0.87 1.15 1.25
67 8 2.34 0.84 0.92 0.9 1.22 0.36 0.47 0.49
68 8 2.66 0.88 1.06 0.95 1.57 0.46 0.60 0.63
69 8 2.96 0.87 0.99 0.96 1.95 0.58 0.75 0.78
70 8 . 3.33 0.87 0.96 0.94 2.46 0.72 0.94 0.99
n 8 3.1 0.86 0.85 0.95 3.08 0.91 1.18 1.23
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employed in the Elverum-Morey correlation (Ref. 3-6 and 3-7). Four of these
points seem to follow the general trend observed in the present study, while the
fifth falls much Tower than comparable points produced here. Efforts to uncover
all data.generated in the JPL triplet studies culminating in the E1Verum-Morey
correlation proved largely fruitless. The only data available in referenced
documents are shown in Table 3-7. Valild comparison of Rocketdyne versus JPL data
depends on the assumption that mixing results are independent of the slightly
different spray sampling methods employed. While the validity of this assumption
has not been directly addressed here, it was reported in a previous JPL study
(Ref. 3-4) comparing Rocketdyne and JPL data, that "none of the results appeared
to be significantly influenced in any way by differences in apparatus and experi-
mental technique."

Data Correlation

Data from the 71 mixing tests were correlated with the aid of a regression pro-
gram that computed the relation between the dependent variable (mixing effic-
lency) and a set of four independent variables (e.g., stream diameter ratio, den-
sity ratio, velocity ratio, and impingement angle). These four variables were
chosen as the most fundamental physical descriptors of a particular set of injec-
tion conditions. Parameters such as momentum ratio or mixture ratio could just
as easily have been employed, but they represent combinations of the fundamental
quantities. The correlating equation computed was:

p 0.29 o 0.56 y 0.25
_o o 0 -0.03
Em = 0.81 <d1> (p1) (V1> (sin @) (6)

The applicability of this correlation 1s subject to the following limits on the
variable ranges:

Quter/inner stream density ratio 0.76 to 1.32
Quter/inner stream diameter ratio 0.92 to 1.58
Included impingement angle 30 to 90 degrees
Outer/inner stream velocity ratio 0.37 to 1.69
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TABLE 3-7.

]

SUMMARY OF AVAILABLE DATA FROM JPL TRIPLET STUDIES

OXIDIZER/FUEL ;| O-F-0 0/F OUT/IN MIXING
TEST | REFERENCE Dq Dy PROPELLANTS | DENSITY MASS VELOCITY HEAD | ELVERUM-MOREY | EFFICIENCY
NUMBER | NUMBER (INCH) [(INCH) | D,/Dy4 SIMULANTS RATIO | MIXTURE RATIO RATIO PARAMETER (Ep)
1 3-6 N/A N/A 1.00 | CC14/H20 1.59 1.26 Q.50 0.60 0.82
2 3-6 N/A N/A 1.00 | €C14/H20 1.59 1.59 0.79 0.94 0.89
3 3-6 N/A N/A 1.00 | cCi14/H20 1.59 2.25 1.59 1.89 0.70
4 3-7 N/A N/A 1.29 | CC14/H20 1.59 2.64 0.40 0.54 0.86
5 3-1 N/A N/A 1.29 | CC14/H20 1.59 2.97 0.50 0.67 0.90
6 3-2 0.082 | 0.070] 1.17 | H20/KEROSENE 1.22 1.92 0.40 0.52 N/A
1 3-2 0.082 | 0.0701 1.17 | H20/KEROSENE 1.22 2.18 0.52 0.66 N/A
8 3-2 0.082 { 0.070] 1.17 | H20/KEROSENE 1.22 2.42 0.63 0.82 N/A

ey



A plot of observed mixing efficiency values for the 71 tests versus the values
predicted using Eq. (6) 1s presented in Fig. 3-20. Fifty-six of the 71 predicted
Em values fell within 6% of the corresponding observed values. It is evident
that the majority of points whose predicted Em values deviated from the observed
values by more than 6% were those resulting from F-0-F configuration tests. The
greatest deviation from this correlation was observed for element 13, which was
the only element with a diameter ratio less than 1.

The empirical correlation of Eq. (6) mathematically defines, and agrees with, the
findings that were apparent from inspection of the data. For example, the great
benefit of having the denser fluid in the outer stream and the relative unimpor-
tance of impingement angle are readily apparent in both Eq. (6) and the graphical
results previously presented.

Conclusions

The inescapable conclusion to be drawn from the results presented here 1s that
the Elverum-Morey criterta are an invalid correlation for the design of triplet
elements composed of sharp-edged entry, low L/D orifices. These types of elements
are highly representative of actual rocket engine injector elements. Furthermore,
Timited data generated with elements composed of contoured entry, high L/D ori-
fices seem to support this conclusion more generally. The invalidity of the cri-
teria 1s based primarily on the observation here that mixing efficiency does not
reach a maximum value at an Elverum-Morey parameter value of 0.66. Certain
earlier Rocketdyne testing of F—O‘F injectors with Do/D1 <1 (Ref. 1-1)
indicates a peak at an Elverim-Morey parameter value near 0.66. Those tests are
outside the range of conditions tested in this program. It is possible that the
optimum Elverium-Morey parameter is valid under those test conditions.

Another conclusion demonstrated here is the importance of injecting the denser of
two 1iquids through the outer orifice pair of a triplet element, which is seen to
produce markedly betfer m1X1ng efficiency than the reversed configuration (1.e.,
Tighter fluid injected through the outer orifices). This effect may be the result
of the greater momentum of the outer streams with denser 1liquids. Since it 1is
the impingement of the outer streams that causes the breakup and mixing of the
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inner stream, increasing the momentum (by increasing the density) of the outer
stream would be expected to enhance mixing. Regardless of the reason for this
effect, the results of these tests clearly demonstrate a very strong correlation
between triplet mixing efficiency and the selection of inner or outer orifices
for the more dense propellant. Since the most commonly employed propellant com-
binations have fuels of lower density than the oxidizer, this finding would dic-
tate the use of oxidizer in the outer streams. In many instances, particularly
at preburner mixture ratios, other factors may preclude the use of oxidizer in
the outer streams. Liquid/liquid triplets may not be the optimum element choice
for such applications. The 1iquid/liquid triplet testing performed with pre-
burner elements (elements 1 and 6) in an early part of this contractual program
(Ref. 1) demonstrated poor mixing efficiency. This may be caused by their F-0-F
configuration.

Another factor that appears to have an effect on mixing efficiency is the outer
to inner orifice diameter ratio. This is apparent in the empirical correlating
equation [Eq. (6)], but is not so read11y apparent from the plots of the data
(Fig. 3-13 and 3-14). 1In the 0-F-0 configuration (Fig. 3-13), there 1s no dis-
cernible difference in mixing efficiency between all the elements tested, except
for the element 13, which is the only element with an outer to inner diameter
ratio less than 1.0 (actually the only one less than 1.1). Figure 3-14 (F-O-F
configuration) seems to indicate that both element 13 (DO/D1 = 0.92) and ele-
ment 12 (DO/D1 = 1.58) were relatively poor mixers, while those of intermedi-
ate diameter ratios provided better mixing. Thus, the following findings regard-
ing the effect of diameter ratio are indicated.

1. The empirical correlation indicates that larger values of diameter ratio
generally enhance mixing

2. Figure 3-13 indicates that mixing eff1c1ency is unaffected by diameter
ratio except at low values of diameter ratio for 0-F-0 configurations

3. Figure 3-14 indicates that both large and small values of diameter ratio
inhibit mixing for'F—O-F configurations.
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While all three of these findings support the conclusion that lower values of
diameter ratio reduce mixing performance, they are contradictory regarding the
effects of higher diameter ratios. Even this conclusion is somewhat suspect, as
it 1s entirely dependent upon the results obtained with a single element 13.
However, this conclusion seems reasonable, since smaller outer streams might be
expected to less homogeneously break up and mix with a larger center stream and
even minor misimpingements could significantly degrade mixing performance. Addi:
tional effort is recommended to confirm this conclusion and to investigate large
d1améter-rat10 elements mixing performance.

The other major parameter affecting the mixing performance of liquid/liquid trip-
lets 1s the velocity ratio. This is demonstrated in Fig. 3-5, where mixing effi-
ciency versus velocity head ratio (povg/p1V$) is plotted. For
either the O0-F-0 or F-0-F configuration, the density ratio remains constant.
Thus it is apparent that increasing the velocity ratio (VO/V1) increases mix-
ing performance for elther configuration. The empirical correlation [Eq. (6)]
also clearly demonstrates this effect. Limited testing (presented in Fig. 3-17)
indicates that it is the velocity ratio rather than the individual velocities
which affect mixing. This is an important finding as it provides some basis to

“support extrapolation of these data to higher injection velocities.

An extensive number of tests with four elements, whose only difference was
impingement angle, indicates that impingement angle has no apparent or signifi-
cant effect on mixing. These results are presented in Fig. 3-16, and the cor-
relating equation demonstrates no significant effect of impingement angle. This,
too, 1s in disagreement with the early JPL findings.

One additional finding of this study %s the insignificance of orifice size on
mixing efficlency. While the number of tests (presented in Fig. 3-15) 1is
relatively small, there appears to be no effect on mixing efficiency when the
orifice area is doubled. This finding appears to contradict common hot-fire test
experience on engines that indicates poorer performance for Jlarger elements.
However, this poorer performance may be the result of atomization rather than
mixing. Also, even though the measured mixing efficiencies of large and small
elements may be the same, the regions rich in one or the other propellants are
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correspondingly larger for the larger elements. For example, both elements may
provide a 10% higher mixture ratio zone in the center of the distribution and a
surroynding Tower mixture ratio region such that both elements have the same
cold-flow mixing efficiency. However, the size of these regions may be expected
to scale with the element size. Thus, the larger element would have a corre-
spondingly larger high mixture ratio region, which would not be as readily
dispersed and reacted as the smaller high mixture ratio region of the smaller
element.

This program 1is the largest, most thorough, and most comprehensive investigation
of the mixing performance of 1liquid/liquid-triplet elements that has ever been
performed. The findings and conclusions of this effort can provide specific
gutdance to designers of such elements. In accordance with these findings, the
following design criteria and advice to designers of 11quid/Tiquid-triplet ele-
ments are provided.

1. The use of an optimum value of the Elverum-Morey parameter as design
criterta for 1liquid/liquid triplets is not justified and should be dis-
continued. Mixing efficiency increases as the Elverum-Morey parameter
increases.

2. The more dense propellant should be injected from the outer orifices.

3. Small, outer to inner, orifice diameter ratios (e.g., 1 or less) are not
recommended.

4, Changing the injection velocity of both elements by the same percentage,
has no effect on the mixing performance, over the range of injection
velocities tested.

5. Increasing the outer to finner velocity ratio of the propellants improves
mixing performance.

6. Impingement angle has no significant influence on mixing and should be
chosen on the basis of other cbns1derat1ons.

1. As a guide to use in trading off various design considerations, it is
recommended that the designer attempt to maximize the parameter:

0.29 , ,0.56 ,, \0.25
<i9> Po !g> _
ds Py Y4
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All these findings, conclusions, design gquidance, and especially the preceding
mixing efficiency design parameter, should not be extrapolated or applied beyond
the 1imits of the range of the variables tested in this program without very
careful consideration. The range of the variables tested are:

Outer to inner orifice velocity ratio : 0.37 to 1.69

Quter to inner orifice diameter ratio 0.92 to 1.58

Outer to inner orifice density ratio 0.76 and 1.32

Impingement angle (between outer streams) 30 to 90 degrees

Orifice diameter 0.117 to 0.236 cm
(0.046 to 0.093 1inch)

Injection velocities 6.7 to 20.2 m/sec

(22 to 66 ft/sec)
MULTIPLE-ELEMENT, LIKE-DOUBLET STUDY

Backqround

Impinging Tiquid rocket engine injector patterns have traditionally been designed
around the concentric ring approach -- a series of concentric, annular propellant
manifolding passages that feed corresponding concentric rings of fuel and oxi-
dizer orifices, with impingement occurring between orifices of the same or adjac-
ent rings. This approach has been used primarily because of manufacturing con-
straints. With the development of more sophisticated fabrication techniques
(e.g., electrical discharge machining and electrodepositing processes), a greater
degree of flexibility is now possible in injector design. One of the recently
developed configurations identified by injector specialists at Rocketdyne is the
"repeating box" pattern. 1In this pattern, the injector face is divided into a
grid of square boxes. Impinging elements (usually like-doublets or Tike-triplets)
of one propellant type (fuel or dxidizer) are positioned on the box perimeters,
while impinging elements of the other propellant type are positioned in the box
centers. The repeating box pattern has been likened to an 1mb1ngﬁng analog of a
coaxial element array, with the spray fans of one propellant type surrounding the
fans of the other type. |
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Subject Injector for LOX/RP-1 Booster

The subject injector for this series of mixing tests has been proposed as a can-
didate 1injector for a large LOX/RP-1 booster. The proposed design features a
Tike-doublet version of the repeating box pattern, shown schematically in
Table 3-8. Each square box includes four like-doublets on the perimeter (one per
side) surrounding one like-doublet in the center. The “box" (perimeter) doublets
are each shared by two squares, making the ratio of "box" doublets to "sur-
rounded" doublets four halves to one, or more sihply, two to one.

The principal design specifications for the LOX/RP-1 booster injector are also
1isted in Table 3-8 -- LOX flow rate = 3770 1b/sec, RP-1 flow rate = 1440 1b/sec,
injector pressure drop = 400 psid (both sides) -- corresponding to a chamber
pressure of 2000 psia. An additional 50% throttling case 1s also of interest,
with a reduced injector pressure drop of 100 psi corresponding to a chamber pres-
sure of 1000 psia. Two injectant configurations are possible -- the "fuel box
surrounding oxidizer doublet" configuration or the "oxidizer box surrounding fuel
doublet" configuration. Orifice sizes for the two configurations are given in
Table 3-8. The latter configuration (oxidizer surrounding fuel) 4s thought to
produce better mixing, while the former (fuel surrounding oxidizer) may be more
desirable for boundary layer cooling reasons.

Cold-Flow Testing

The objectives of cold-flow testing were to compare mixing efficiencies between
the two 1injectant configurations, between 40-degree and 60-degree angles of
impingement, and between a number of different throttling cases. The experimental
apparatus employed was the same as that described in the first section of this
report, with water used as the fuel simulant and TRIC as the oxidizer simulant.
Turbine flowmeters were used to monitor flow rates. Because of the large size of
the proposed hot-fire injector, obviously only a limited portion of the spray
pattern could be sampled with the 4.13 by 6.35 cm (1-5/8 by 2-1/2 inches) collec-
tion grid. The representative portion selected as the "unit mixing cell" was a
single box (four perimeter elements surrounding one central element) plus the two
adjacent elements whose spray fans are seen to interact with the fans of the box.
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TABLE 3-8. DESIGN SPECIFICATIONS FOR PROPOSED LOX/RP-1 BOOSTER INJECTOR

e o0 o SCHEMATIC DRAWING OF
° o o @ ° REPEATING BOX PATTERN
e o o o
o ® o O ®
o0 oo o0 _L ® ORIFICES OF "BOX" DOUBLETS
® o o o @ : "
o ©°%e o 0 X ® ORIFICES OF “SURROUNDED DOUBLETS
o0 o0 oo OVERALL INJECTOR DIAMETER = 35.2 INCHES
e oo+ 0 ol
e’ %o ¢ 0° e CHARACTERISTIC LENGTH (X) = 0.30 INCH

e e oo
NOMINAL_ PATTERN: “FUEL BOX SURROUNDING OXIDIZER DOUBLET"

NOMINAL PATTERN DESIGN PARAMETERS:

22,500

Dg
45,000

D¢

0.051 INCH No
0.024 INCH Ng

FULL INJECTOR PRESSURE DROP = 400 PSI (BOTH SIDES)

0.168 LB/SEC
0.032 LB/SEC

3770 LB/SEC m, PER ORIFICE
1440 LB/SEC m¢ PER ORIFICE

My

m

50% THROTTLE: INJECTOR PRESSURE OROP = 100 PSI (BOTH SIDES)

0.084 LB/SEC
0.016 LB/SEC

1885 1.B/SEC M PER ORIFICE
720 LB/SEC m¢ PER ORTFICE

Mo

m¢

REVERSE PATTERN: "OXIDIZER BOX SURROUNDING FUEL DOUBLET"

-REVERSE PATITERN DESIGN PARAMETERS:

45,000
22,000

0.036 INCH No
0.034 INCH Ng

DO
D¢

FULL INJECTOR PRESSURE DROP = 400 PSI (BOTH SIDES)

u d

0.084 1.B/SEC
0.064 1.B/SEC

3770 LB/SEC my PER ORIFICE
1440 LB/SEC m¢ PER ORIFICE

Mg

i

m

50% THROTTLE: INJECTOR PRESSURE DROP = 100 PSI (BOTH SIDES)

0.042 LB/SEC
0.032 LB/SEC

m, = 1885 LB/SEC my PER ORIFICE
m¢ = 720 LB/SEC m¢ PER ORIFICE
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A schematic drawing of this representative unit mixing cell 1is shown in
Table 3-9. This mixing cell was selected for cold-flow modeling primarily for
low cost and ease of fabrication. However, the small size of a single box (0.30
by 0.30 inch in the hot-fire design) was not particularly compatible with the
collection grid dimensions (0.125-inch-square tubes) if adequate mixing resolu-
tion was to be ensured. Thus, the cold-flow models designed for these tests were
photographically scaled-up versions of the design-scale unit mixing cell. The
baseline scaling factor chosen was 2.5, for this reason: an enlargement factor
of 2.5 produced a unit mixing cell with sides of 0.75 inch, which could be
aligned above the collection grid to coincide exactly with a 6 by 6 array of the
0.125-1nch tubes. In this manner, a 36-sample mixing efficiency measurement would
be determined for a representative square of the overall repeating box spray
pattern.

Four models were fabricated for cold-flow testing, as shown schematically in
Fig. 3-21. The baseline model was a 2.5-scale, "fuel box around oxidizer doub-
let" mixing cell with impingement angles of 60 degrees. Two other 2.5-scale
models were fabricated: the first a 40-degree impingement angle version of the
baseline, and the second a reversed configuration ("oxidizer box surrounding fuel
doublet") model. To produce the 40-degree impingement angle modification of the
baseline model, the orifices of each doublet pair were moved slightly farther
apart, resulting in an increase 1in 13impingement distance from 0.325 inch
(60-degree case) to 0.515 inch (40-degree case). The fourth model fabricated was
a 1.25-scale version of the baseline model (aligned above a 3 by 3 array of col-
lection tubes during testing). This model was tested primarily to assess the
validity of acquiring mixing data from scaled-up models of the subject injector.
The majority of mixing tests were conducted on the 2.5-scale models, to effect
mixing efficiency comparisons between the two finjector configurations, the two
impingement angles, and a number of mass flow throttliing cases. The 1.25-scale
model was then tested under conditions congruous to those employed in a specific
baseline model run. A comparison between the 1.25-scale and the 2.5-scale test
results would then be an indication of whether photographically scaled-up models
can be used to accurately assess mixing characteristics of their small-scale
counterparts.
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TABLE 3-9. DESIGN SPECIFICATIONS FOR COLD-FLOW MODELS

"y

| N
T SCHEMATIC DRAWING OF "UNIT CELL"
LA o o ® o X REPRESENTATIVE OF BOX PATTERN
e @ o °
1 BOX PLUS 2 ADJACENT DOUBLETS
oo ______JL_ ( E D )

NOMINAL PATTERN: “FUEL BOX SURROUNDING OXIDIZER DOUBLET"

Do = 0.064 INCH No = 6
ﬁo PER ORIFICE = 0.26 LB/SEC TOTAL ﬁo = 1.57 LLB/SEC
ﬁf PER ORIFICE = 0.05 LB/SEC TOTAL ﬁf = 0.40 LB/SEC

NOMINAL PATTERN: “FUEL BOX SURROUNDING OXIDIZER DOUBLET"

Dg = 0.128 INCH No = 6
Df = 0.060 INCH N¢ = 8

Mo PER ORIFICE = 1.05 LB/SEC TOTAL m, = 6.30 LB/SEC
m¢ PER ORIFICE = 0.20 (B/SEC TOTAL m¢ = 1.60 LB/SEC

P

- REVERSE PATTERN: "OXIDIZER BOX SURROUNDING FUEL DOUBLET"
REVERSE PATTERN DESIGN PARAMETERS:

Do = 0.090 INCH No = 8
D¢ = 0.085 INCH Nf = 6

Mo PER ORIFICE = 0.52 LB/SEC TOTAL mg = 4.16 LB/SEC
ms PER ORIFICE - 0.40 LB/SEC TOTAL m¢ = 2.40 LB/SEC

Lo - — ——

CASE 1: SCALING FACTOR = 1.25 (CHARACTERISTIC LENGTH (X) = 0.375 INCH)

CASE 2: SCALING FACTOR = 2.50 (CHARACTERISTIC LENGTH (X) = 0.750 INCH)

CASE 3: SCALING FACTOR = 2.50/CHARACTERISTIC LENGTH (X) = 0.750 INCH)

o
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MODEL 1 (BASELINE)
(O
O. O
O .O
o O

@D,y = 0.128 INCH
IMPINGEMENT ANGLE = 60 DEGREES

SCALING FACTOR = 2.50

MODEL 2

ole
® Oge° ®

ec 20e

O Dgygy = 0.030 INCH
o Doy = 0.064 INCH
IMPINGEMENT ANGLE = 60 DEGREES

SCALING FACTOR =1.25

.DOX = 0.090 INCH
IMPINGEMENT ANGLE = 60 DEGREES

SCALING FACTOR =2.50

MODEL 4

o %o
o o

® % Lo

O Dgyg, = 0.060 INCH
@Dy = 0.128 INCH
IMPINGEMENT ANGLE = 40 DEGREES

SCALING FACTOR = 2.50

Figure 3-21. Schematic Drawing of the Four Cold-Flow Models
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Mass flow specifications for the test models are presented in Table 3-9, based on
design specifications for the hot-fire injector. These conditions were calculated
in the following manner: first, it was noted that a 2.5-scale increase in orifice
diameter translates to a 6.25-scale (2.5 squared) increase in orifice area, and,
therefore, a 6.25-scale increase in mass flow per orifice. (In the 1.25-scale
case, the orifice diameter increase translates to a 1.56-scale mass flow
increase.) Second, the total hot-fire mass flow rates were reduced to flow rates
per findividual orifice (1b/sec/oxidizer orifice and 1b/sec/fuel orifice), then
these values were scaled up by a factor of 6.25 (or 1.56), in the translation to
cold-flow orifice sizing. Finally, the translated mass flow per orifice values
were multiplied by the number of respective orifices included in the cold-flow
models (six or eight, depending on the injectant configuration). Thus, the mass
flow conditions specified in Table 3-9 represent constant mass flux enlargements
of the corresponding Table 3-8 conditions. However, because of pressure and
tankage constraints, these target cold-flow conditions could not be experimen-
tally achieved, and the tests were instead conducted over a reduced mass flow
range of approximately 10 to 15% of the Table 3-9 values. '

Tést Results

A series of 11 test runs was performed with the four injector models, the results
of which are presented in Table 3-10. For each run, the test conditions are pre-
sented first in terms of TRIC (oxidizer) and water (fuel) injection rates for the
model, with a corresponding injected mixture ratio; and additionally in terms of
the total mass flow rates of each simulant projected for an entire injector com-
prising model-size orifices. For example, in test run 1, the projected TRIC mass
flow for the overall injector was calculated by dividing the injected (model)
TRIC flow rate (0.375 1b/sec) by the number of TRIC orifices (8), and then mul-
tiplying the result by the number of oxidizer orifices composing the overall
injection pattern -- 45,000.

The baseline collection distance employed in the test runs was 2 inches, with two
exceptions: 1n the one run conducted with the 1.25-scale model, the collection
distance was correspondingly reduced by half, to 1 inch, and in one run conducted
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TABLE 3-10. RESULTS OF THE TEST SERIES FOR MULTIPLE-ELEMENT LIKE-DOUBLET MODELS
INJECTED | 1NJECTED PROJECTED | PROJECTED
MYRIC ™50 MIRIC mHgO
COLLECTION FOR FOR INJECTED FOR FOR PROJECTED
RUN DISTANCE MODEL MODEL MIXIURE RATIO | INJECTOR | INJECTOR | MIXTURE RATIO MIXING
MODEL NUMBER (INCH) (LB/SEC) }(LB/SEC) FOR MODEL (LB/SEC) (LB/SEC) FOR INJECTOR | EFFICIENCY
2.50 SCALE - OXIDIZER BOX 1 2 0.375 0.215 1.74 2112 806 2.62 0.66
SURROUNDING FUEL DOUBLET
2 2 0.443 0.255 1.74 2486 956 2.60 0.90
MODEL 3 :
3 2 0.495 0.287 1.72 27187 1076 2.59 0.89
60 DEGREE IMPINGEMENT ANGLE 4% 2 0.559 0.325 1.72 3145 1219 2.58 0.90
2.50 SCALE -~ FUEL BOX 5 2 0.572 0.14¢6 3.92 2143 821 2.61 0.72
SURROUNDING OXIDIZER
DOUBLET
6 2 0.668 0.170 3.93 2505 956 2.62 0.78
MODEL 4
7* 2 0.832 0.216 3.85 3122 1215 2.57 0.82
40 DEGREE IMPINGEMENT ANGLE 8* 1.5 0.851 0.216 3.94 3195 1215 2.63 0.70
2.50 SCALE - FUEL BOX g* 2 0.835 0.217 3.85 3133 1219 2.57 0.90
SURROUNDING OXTDIZER
DOUBLET
MODEL 1
60 DEGREE IMPINGEMENT ANGLE] 10 2 0.741 0.190 3.90 27119 1069 2.60 0.89
1.25 SCALE - FUEL 8OX
SURROUNDING OXIDIZER
DOUBLET
MODEL 2 n 1 0.210 0.055 3.82 788 308 2.56 0.92
60 DEGREE IMPINGMENT ANGLE

«DENOTES TESTS CONDUCTED AT BASELINE CONDITIONS FOR 2.5-SCALE MODELS
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on the 2.5-scale, 40-degree model, the collection distance was reduced to 1.5
inches with flow conditions held constant, in order to assess the effect of col-
lection distance variation on mixing efficiency. Test runs performed at the
chosen baseline injection conditions are marked with an asterisk for comparison
purposes. The first four tests were conducted, using the 2.5-scale, oxidizer-
around-fuel model, at four mass flow conditions: 67% of baseline, 79% of base-
line, 89% of baseline, and baseline. The resulting mixing efficiencies were not
significantly affected by the range of throttling -- the increase from 67% base-
1ine to baseline was accompanied by a 4% increase in mixing efficiency, from 86
to 90%. Tests 5 through 7 were conducted, using the 2.5-scale, 40-degree, fuel-
around-oxidizer model, at three mass flow conditions: 69% of baseline, 80% of
baseline, and baseline. The results of these th}eé:tests contrasted with the
initial four in two ways: first, the increase in f]ow-rates from 69% baseline to
baseline resulted in a 10% increase in mixing efficiency (72 through 82%), and
second, the mixing efficiency at the baseline condition (82%) was 8% lower than
the corresponding oxidizer-around-fuel baseline value {(90%). Test 8 was performed
to assess the effect of collection distance variation on mixing efficiency, with
flow conditions held near the baseline values. The decrease in collection dis-
tance from 2 to 1.5 inches resulted in a mixing efficiency decrease from 82% to
70%. This result indicates that within a short distance downstream of the
impingement plane, mixing efficiency measurements are very sensitive to collec-
tion distance in multiple-element injector studies. Tests 9 and 10 were con-
ducted, wusing the baseline model - - 2.5-scale, 60-degree 1impingement, fuel-
around-oxidizer. Two mass-flow conditions were tested: 89% of baseline and
baseline, with resulting mixing efficiencies insignificantly affected by the
throttling range. 7 |

Comparison of runs 1 through 4 with runs 9 and 10 shows virtua11y the same mixing
characteristics for the nominal (fuel-around-oxidizer) and reversed (oxidizer-
around-fuel) versions of the 60-degree baseline model. In both cases, mixing
effictencies near 90% resulted, with _1nsign1f1canf m1x1hg variation resulting
from mass flow throttling. Comparison of runs 5 throuéhr7 with runs 9 and 10
shows significantly lower mixing efficiencies for the7:40-degfee model. This
effect may be partially explainable in terms of impingement distances -- in the
40-degree model, a 2-inch collection distance translated to 3.9 impingement
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lengths, while in the 60-degree model, 2 1inches translated to 6.15 impingement
lengths. This value (6.15 lengths) corresponds to a collection distance of 3.17
inches for the 40-degree model. Given the increase in mixing efficiency from 70%
to 82% for an increase in collection distance from 1.5 inches (2.9 lengths) to 2
inches (3.9 lengths) for the 40-degree model, 1t is possible that an increase in
collection distance from 2 to 3.17 inches would result in mixing efficiencies
exceeding 90%. Thus, the poorer mixing performance of the 40-degree impingement
angle injector may be caused by the greater impingement distance of that injector.

Finally, test run 11 was conducted on the 1.25-scale model at flow conditions
congruous to the baseline values of run 9. A value of 92% resulted from the
9-sample mixing efficiency measurement, as compared to the 36-sample value of 90%
for run 9. This result supports the validity of basing general conclusions on
the mixing characteristics of a small-scale 1injector pattern on data obtained
from scaled-up models.

In attempting to assess the quality of the mixing provided by these elements, it
1s important to recognize the following:

. These results are for 2.5 scale models of the injectors.

2. The collection distance was not scaled. That is, the traditional 2-inch
collection distance was employed.

3. Measured mixing efficiency must increase with collection distance,
especially with unlike, multiple-element injectors. (Propellants would
certainly not become unmixed as they move downstream.) The one test
performed to assess collection distance effects on mixing (test 8) indi-
cates a considerable change in mixing efficiency for only a one-half-
inch variation in collection distance.

If the collection distance were scaled in proportion to the injector, the mea-
surements would be made at 5 inches. The collection grid employed in these tests
wés too small to allow teSting at this collection distance. Certainly the mea-
sured mixing efficiencies at the 5-inch Tlocation would be considerably improved
over these test'fesults. Thus, these injectors would have considerably better
mixing efficiencies than were measured in this program.
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Conclusions

The following set of conclusions was inferred from data generated in the present
study of the proposed l1ike-doublet repeating box injector pattern:

1. The nominal (fuel-around-oxidizer) éonfigurat1on and the reversed
(oxidizer-around-fuel) configuration are virtually interchangeable with
respect to mixing efficiency.

2. The mixing efficiency of the 40-degree impingement angle injector was
significantly poorer than the 60-degree 1impingement angle injectors.
Larger impingement angles (and/or shorter impingement distances) appear
to promote mixing of the fans of the elements in shorter distances. ‘

3. In the 40-degree impingement angle version of the baseline model, mixing
efficlency was significantly increased (72% to B82%) by an increase 1in
mass flow from 67% baseline to baseline conditions. Both the 60-degree
nominal baseline model and the 60-degree reversed baseline model pro-
duced mixing efficiencies 1insensitive to throttling over the ranges
tested.

4. General conclusions regarding mixing characterisfics of the subject
injector pattern can be inferred from data obtained with scaled-up
models.

5. Mixing efficiencies of these elements would be considerably better if
the collection distance were scaled with the injector. The actual mixing
efficiencies of these injectors are presumed to be considerably better
than reported here.
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IV. GAS/LIQUID MIXING TESTING

During the first portion of this program, several of the baseline gas/liquid
elements (elements 2, 3, and 4) were subjected to gas/1iquid, cold-flow, mixing
efficiency measurement tests. Several flow conditions were tested for each ele-
ment and the results were presented in the '1nter1m report (Ref. 1-1). The
measurement technique employed in these tests was the standard "impact probe"
technique that has been in use for over 15 years. This technique employs a
large, total-pressure, pitot tube, which acts as a total pressure measurement
device 1in the standard fashion, and also serves to collect a portion of the
11quid spray. The total pressure is used to compute gas velocity and gas mass
flux, and the rate of 1iquid collection 1s used to compute liquid mass flux.
When such measurements are made at various locations throughout the spray field,
a map of mass flux and mixture ratio distributions can be constructed, and mixing
efficiencies computed. A schematic of the test apparatus 1s presented in
Fig. 4-1. Details of the test and data analysis methods, and the results, are
presented in Ref. 1-1.

Another output of the data analysis codes is the collection efficiency. Collec-
tion efficiency is simply the ratio of the mass flow rate of each fluid computed
from the measured fluxes, to the actual mass flow rate of each fluid. As noted
in Ref. 1-1, these collection efficiencies were sufficiently far from the optimum
value of 1, to be of some concern. The collection efficiencies from these tests,
for both fluids, are presented in Table 4-1. Liquid collection efficiencies were
generally Tow and gas collection efficiencies were high. In some tests, only
about one fourth of the injected 1iquid was being accounted for, and in other
tests over twice as much gas was being measured as was being injected. Another
concern regarding these gas/liquid mixing test results was their applicability to
higher chamber pressure conditions. To investigate the effects of chamber pres-
sure on mixing data, a series of high-pressure tests were planned. These were to
be carried out in the highupressufe test vessel that was intended for use in the
atomization testing subsequently described. However, before proceeding to
higher-pressure testing, it was deemed necessary to resolve the problem(s)
responsible for the poor collection efficiencies. It was anticipated that these
problems would be even more severe at higher pressure.
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TABLE 4-1. COLLECTION EFFICIENCY RESULTS

TEST CASE neoLHQ [ neo BAS

TRIPLET 2

NOMINAL HOT-FIRE MOMENTUM RAT1O (0/F) 0.48 1.52
+20% NOMINAL MOMENTUM RATIO 0.52 1.59
-20% NOMINAL MOMENTUM RATIO 0.44 1.69
*NOMINAL MOMENTUM RATIO 0.91 1.94
PENTAD 3

NOMINAL HOT-FIRE MOMENTUM RATIO .95 1.49
+20% NOMINAL MOMENTUM RATIO .85 1.19
-20% NOMINAL MOMENTUM RATIO 1.03 2.42
*NOMINAL MOMENTUM RATIO 0.87 0.64
NOMINAL MOMENTUM RATIO 0.93 1.15
TRIPLET 4

NOMINAL HOT-FIRE MOMENTUM RATIO 0.33 2.07
+20% NOMINAL MOMENTUM RATIO 0.29 1.26
-20% NOMINAL MOMENTUM RATIO 0.23 1.78
*50 PSIG BACKPRESSURES; ALL OTHERS 25 PSIG

To provide a higher-pressure test capability and eliminate the causes of the poor

collection efficiency, a number of potential problems were identified, analyses

and experimental studies were performed, and equipment modifications imple-

mented.

o

These are briefly described:

High-Pressure Testing Requirement: Gas/liquid mixing testing must be
performed at high pressures to allow reasonable simulation of injected
gas density. This requirement was especially important for planned
testing of coaxial injectors. Thus the high-pressure atomization test
vessel was modified to allow its use for gas/1iquid mixing tests.

Probe and Pressure Line Flooding: Past 1low-pressure test results
indicated that the test probe may have been occasionally filling with
water. A new probe was designed and constructed to minimize this
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possibility. Water separators were installed to capture any water 1in
the pressure gage lines.

Probe Overpressure: Droplets approaching and entering the probe dur1hg
total pressure measurements transfer momentum to the stagnated gas,
thereby increasing the measured pressure. Following study of the work
of Dussord and Shapiro (Ref. 4-1), an analytical technique was devised
to estimate this effect and incorporated into the data analysis code.

Isokinetic Liquid Sampling: If the gas velocity through the probe tip
is significantly different from that adjacent to the probe, then the
quantity of 1iquid collected will not be representative of that flowing
through that area when the probe is not present. The droplets tend to
follow the gas streamlines, especially at high pressures, and go around,
rather than into, the probe. To provide isokinetic (constant velocity)
1iquid collection, the gas flow through the probe was measured and con-
trolled so as to match the measured gas velocity (based upon previous
total to static pressure measurements). This was accomplished with a
calibrated orifice installed in a 1ine that vented the sample bottle as
shown in Fig. 4-2.

Liquid Accumulation in Lines Prior to Start of Collection: Since the
collection probe must be in place prior to the start of flow through the
injector, and since sampling must occur some time after steady flow has
been e;tab11shed, Tiquid may accumulate in the sampling lines. To pre-
vent this, a "dummy" sampling vessel was installed as shown in Fig. 4-2.
Prior to the obtaining of a liquid sample, the injector flow was stabil-
jzed and the vent valve set to provide a predetermined gas velocity
through the probe tip. At the start of the 1iquid collection time, the
flow was diverted from the “dummy" .collection vessel to the identical
sample collection vessel through the three-way ball valve. Thus steady
flow conditions were maintained w1thiﬁ the probe and sample 1ine.
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Static Pressure Measurement Location: 1In earlier testing, the static
pressure measurement (required for gas mass flux mapping) was made at
the test vessel wall. This simplified measurement hardware and was
believed to produce only minimal error. Measurements of static pressure
across the chamber indicated that only minimal variation of static pres-
sure occurred. However, it was anticipated that this error could be
substantial at 1low velocity or high chamber pressure conditions.
Accordingly, the gas/liquid mixing assessment procedure was modified to
include a mapping of Jocal static pressure (relative to the wall static
tap). Thus the Tlocal total pressure (also referenced to wall static)
could be related to the local static pressure to obtain more accurate
local gas mass fluxes.

Data Reduction Programs: To ensure the accuracy of the computer code
used to convert the gas/liquid mixing measurement data to mass flux and
mixture ratio distributions and plots, and to compute mixing and collec-
tion efficiencies, a set of data was analyzed by hand and compared to
code output. The sensitivity of the code to the quantity of data
(number of measurements made) was also assessed. Results indicate that
the code performed accurately, and the results were relatively insensi-
tive to any reasonable quantity of data provided.

Recirculation: This appears to be the major problem with gas/liquid
mixing measurements. The entrainment and recirculation of gases from
outside the spray add considerable mass (several times the fuel gas
flow) to the fuel gas. The traditional means by which this problem is
circumvented is the addition of a curtain of flowing gas around the
injector. This flow is referred to as curtain flow, purge gas, or bleed
gas, and it serves to prevent recirculation 1into the measurement
region. The oxygen content of the curtain flow gas is made different
from the fuel gas, thus allowing (via oxygen concentration measurements)
the curtain gas flow to be "subtracted out" of the measured total gas
flow. This apprbacﬁ requires large curtain gas flow rates (in excess of
ten times the injector gas flow). For high-pressure testing, the
quantity of curtain gas flow would far exceed the existing high-pressure
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nitrogen flow capabilities of the atomization and mixing test cell,.
Furthermore, there was considerable concern that the curtain flow
significantly retarded the spreading of the fuel gas, thus affecting the

fuel gas mass flux distribution.
Prior to the installation of an expensive high-flow-rate, high-pressure, nitrogen

supply system to provide adequate curtain flow, it was deemed advisable to exper-
Since suffi-
The results of

imentally evaluate the changes made in the measurement procedures and apparatus
Accordingly, a high-backpressure (800 psig) mixing test was

(Ytems 1 through 6).
performed with the triplet element (element 2) at high flow rates.
cient curtain gas flow was not available, a small narrow-angle, glass cone was
placed about the spray in an effort to minimize recirculation.
this test were disappointing. Liquid collection efficiency was 223%, gas collec-
tion efficiency was 719%, the total pressure was observed to fluctuate and vary
over a wide range, and the results were not generally satisfactorily repeatable.

The major problem is believed to be recirculation, which the glass shroud did not
The injector flow was visually observed to fluctuate wildly, and des-

pite all preventive efforts, water in the pressure lines 1s suspected to have
Pitot-static pressure measurements in heavily loaded,

prevent.
affected the measurements.
two-phase flows are very difficult, and there is 1ittle experience upon which to

draw.
As a result of these findings, the following actions were undertaken:

Experiments were performed to demonstrate/determine the ability to make
accurate pitot-static pressure measurements in known, well-defined, non-

1.
recirculating gas flows with 1iquid loading.
Analyses were performed to assess the effect of curtain flow on the fuel

2.
gas distribution.
Pending satisfactory results from these efforts, it was intended that a high-

pressure nitrogen system would be "plumbed into" the test facility to provide the
These two efforts and their results are presented in the

necessary curtain flow.
following.
RI/RDB5- 312
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MEASUREMENT CAPABILITY ASSESSMENT TESTS

The objective of these tests was to determine whether the basic measurement tech-
nique, w\th all incorporated refinements, was capable of accurately characteri-
zing mass flux profiles in an 1ideal two-phase flow field, in the absence of
recirculation. The test apparatus used to evaluate the optimum mixing measure-
ment techniques developed under this contract is shown schematically in Fig. 4-3.
A 40-horsepower blower was employed to produce a uniform, metered air flow
through an 8-inch duct. At the exit section of the duct, a conical spray fan of
water droplets was introduced by using a Delavan nozzle. The traversing assembly
necessary to position the sampling probe was mounted on the duct outlet.

The sampling matrix comprised 128 data points -- 16 points spaced 0.25 inch apart
from duct centerline to a radius of 3.75 inches, along 8 rays spaced by 45-degree
increments. Four separate flow-field mappings were performed to obtain the ulti-
mate two-phase, flow-field characterization. Initially, a 1local flow-field
static pressure versus atmospheric pressure mapping was performed, using the
static port of a conventional traversing pitot-static tube in gas-only flow.
Since the two phase sampling probe has no local static pressure sensing capabil-
ity, its total pressure measurements must be referenced to the atmosphere. Thus
the local static pressure mapping provides the correction necessary to compute
true total pressure versus static pressure measurements at each point in the flow
field. Also, when the pitot-static probe was used in gas-only fliow, a total ver-
sus static pressure mapping was obtained. This was then used to compute the duct
velocity profiles. These data indicated the flow was relatively axial (the
effects of the upstream tube elbow were apparent, however), and no recirculation
was present. These velocity data were subsequently used as the reference for
isokinetic probe inlet velocities during liquid collection.

Following pitot-static probe mappings, a gas-only total pressure versus atmos-
pheric pressure mapping was performed with the two-phase sampling probe. With
the application of the local static versus atmospheric pressure correction at
each point, the total pressure sensing capability of the larger two-phase probe
was compared with the pitot-static gas/liquid flow mapping. Gas total pressures
were recorded at each matrix point and liquid samples collected over 5-minute
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time intervals. Near isokinetic 1iquid collection was produced at each sampling
point by venting the appropriate air flow rate through the gas flowmeter shown in
the schematic diagram, under the assumption of steady, incompressible air flow
through the probe and Tiquid collection Tines. Results of these tests follow.

Known duct air flow rate 2.568 1b/sec

Known 1iquid flow rate 0.089 1b/sec

Pitot-static probe, gas only flow Gas collection efficliency = 1.094
Two-phase probe, gas only flow Gas collection efficiency = 1.150
Two-phase probe, gas/Tiquid flow (No overpressure correction)

Gas collection efficiency = 1.160
Liquid collection efficiency = 0.926

(With overpressure correction)
Gas collection efficlency = 1.140
Liquid collection efficiency = 0.926

These measurements indicate that the gas/1iquid mixing measurement techniques can
produce marginally acceptable results. (Fourteen percent more gas and 7.4% less
11quid were measured than were actually present.) However, these were very opti-
mum test conditions (very 1ightly loaded with liquid - 3.3% water by weight, low
pressure, and well-defined, nearly one-dimensional flow). 1In addition, this
spray field was mapped far more extensively than would normally be done.

The next step in the verification of the measurement techniques employed was to
be a similar measurement at higher pressure. However, before this effort could
begin, results from the analysis of curtain flow effects on the injected gas were
completed.

CURTAIN FLOW EFFECTS ANALYSIS

While the preceding results indicated that two-phase mass flux measurement might
be possible in the absence of recirculation, the effect of the recirculation
preventing bleed gas (curtain flow) on these mass flux measurements had to be
ascertained. Recirculation had to be prevented and the bleed gas technique is
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the only known means by which this can be accomplished. However, if the bleed
gas significantly affected the fuel gas distribution, then the gas mass flux
distribution measurements would not be representative of those produced by the
injector in the combustor.

To examine this aspect of the problem, an analytical approach was employed. A
sophisticated and complex computational fluid dynamics code was used to model the
filow of fuel gas in the region between an injector and the normal measurement
plane (2 inches below the injector). The code selected for the task was the
Advanced Rocket Injector Combustor Code (ARICC) developed by Rocketdyne for NASA
under contract NAS8-34929, Turbine Drive Combustor Ignition and Durability Pro-
gram, and described in Ref. 4-2 and 4-3. ARICC 1s a time-marching, 2-D (axisym-
metric) computational fluid dynamics (CFD) code with provisions for spray mixing
and combustion. ARICC was developed from the Los Alamos CONCHAS - SPRAY code
(Ref. 4-4). Features of ARICC include:

Multispecies mixing and diffusion

Lagrangian droplet dynamics

Droplet heatup and evaporation

Coupled gas - droplet mass, momentum, and energy transfer
Equitibrium and kinetic chemistry

Subgrid scale turbulence model

~ O AW~

Choice of wall boundary conditions

The code is modular in format and modules can be added or deactivated, depending
on the problem requirements. For this case of gas jet mixing, the chemistry,
Tiquid Jet, and droplet modules were not used. Modeling the droplet dynamics
would have significantly increased the cost of the analysis.

The problem selected was an F-0-F triplet injector element flowing water and
nitrogen into a 900-psia environment. The chamber was 2 inches in diameter by 2
inches long. Injector operating conditions were:

RI/RD85- 312
Iv-11



M/R = 0.49

ﬂ(HgO) = 0.069 Tbm/s (oxidizer orifice)
" M(Np) = 0.141 Tbm/s (fuel orifices)
The orifice diameters were:
Dfue] = 0.063 inch
Dox = 0.045 inch

The impingement angle was 50° and the impingement distance was 0.25 inch.

To address the problem in a timely manner using ARICC, several simplifications
were made in the representation of the injected flow. The major simplification
was to consider only the effect of purge gas on injected gas. (No 1iquid was
assumed to be present.) The water flow was replaced by a stream of water vapor
having the same axial mass and momentum flow as the liquid. The water vapor was
mixed with the nitrogen flow. Based on conservation of mass and axial momentum,
the velocity and diameter of a well-mixed jet of nitrogen and water vapor were
calcu- lated. For simplicity, the injected water vapor and nitrogen flow was
assumed to be a single specie at the average molecular weight for a flow at a
mixture ratio of 0.49. The mass fraction contours of injected fliuid could 1in
this manner be easily tracked as a function of time. Three-dimensional details
of the flow upstream of the impingement point could not be modeled with a
2-D/axisymmetric flow analysis. In view of this, an axisymmetric injection spud
was used to introduce the injected stream to the impingement point. The spud
diameter matched the diameter of the actual injector element disc that would be
used in the experiment. A spreading angle that is a function of radial distance
was imposed on the injected flow at the impingement point. The maximum angle was
45 degrees and corresponds to experimental observations. The mesh at the point
of injection was set up with boundaries approximately parallel to the injected
fluid streamlines, which served to minimize numerical diffusion. This
computational mesh is presented in Figure 4-4.
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For the case with purge gas, a nitrogen gas flow of 2 1bm/sec was assumed to flow
uniformly over the 2-inch-diameter chamber inlet except for the area taken up by
the injection spud. According to Becker et al (Ref. 4-5), the value of the
Curtet parameter that is sufficient to preclude recirculation, is 0.78. For the

selected triplet conditions and the indicated purge flow, Ct = 0.66. Thus the

purge gas flow used 1in this analysis was somewhat less than what would be
employed in a test.

The computations were run until near steady conditions prevailed. Results were
then plotted and comparisons of the injected gas distribution in each case were
made. Figure 4-5 illustrates the radial velocity profiles at 9.5 stream diame-
ters downstream of the impingement point for both cases. An artificiality in the
injected velocity distribution shows up as an annular jet in the velocity profile
for the case without curtain flow. An upstream recirculation zone wake is also
seen in this profile. The results with purge flow suggest a developing jet pro-
file. Fully developed coaxial jet data scaled up from Abramovich (Ref. 4-6) are
shown for comparison with the purge flow case prediction. The close agreement
with experimental data provides some degree of confirmation of these computa-
tions. Since the computed profile at the collection plane is only 9.5 injected
stream diameters beyond the point of impingement, it is not surprising that the
velocity profile shows some evidence of a potential core.

Computed injected mass flux profiles are plotted versus radial distance in
Fig. 4-6 for the same axial location. Figures 4-7 and 4-8 show injected fluid
mass fraction contours for the two cases. Contour lines occur at steps of 0.1 in
mass fraction. From these two figures, i1t can be seen that the jet without cur-
tain flow diffuses much more rapidly in a radial direction than in the case with
curtain flow.

Velocity information plotted output from the ARICC code, at the time of these
computations, was inadequate for presentation here. However, the velocity infor-
mation has been used to construct the p1ofs shown 1in Fig. 4-9. These two
unscaled plots present the steady-state flow fields for the cases with curtain
flow (left side) and without curtain flow (right side). While the curtain flow
does not entirely eliminate the small recirculation zone near the injector, the
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flow at the collection plane is essentially axial. However, without curtain
flow, the recirculation zone near the injector is much larger, and a second
recirculation zone draws gas from below the collection plane upward and along the
periphery of the chamber. Obviously the much greater recirculation of the non-
curtain flow case would promote additional mixing. This 4s the cause of the
greater spreading of the injected gas when ﬁo curtain flow is provided, as shown
in Fig. 4-7,

As a result of these computations, it can be concluded that the purge flow does
have a significant impact on the injected mass flux profile at steady state. The
purge flow causes a change in the recirculation zone, resulting in a change in
the radial flux of injected material. 1In a flow where a recirculation zone is
dominant, the radial flow of mass and momentum is convection dominated. For the
case where a purge flow suppresses the recirculation zone, less efficient turbu-
Tent diffusion controls the radial spreading of injected gas. Hence, the case
with purge flow has a much higher centerline velocity and mass flux of injected

gas.
CONCLUSIONS
As a result of these efforts, it is concluded that:

1. The modifications to the gas/l1iquid mixing measurement procedure and
apparatus provide approximate and correct measurements at low
Tiquid- loading levels and low pressure, and in relatively one-dimen-
stonal flows with no recirculation. Their ability to obtain correct
data at high liquid-loading levels and pressure is not known. Recircu-
lation must be prevented to obtain correct results.

2. The use of large quantities of curtain flow to prevent recirculation
results in a very great modification of the fuel gas distribution,
thereby invalidating the measured results.
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Therefore, with regard to the utility and applicability of gas/1iquid mixing
measurements, the following are concluded:

1. Single-element gas/liquid mixing measurements may be of Timited va1ue'

for comparing the mixing performance of different elements or types of
elements, and also may be of very limited value for assessing the rela-
tive effects of injector geometry or flow variables. Such measurements
serve only as a relative comparison of mixing efficiency.

2. The use of such measurement data as input to the performance analysis
codes (e.g., SDER), or to establish design criteria (e.g., optimum
values of Elverum-Morey parameter) is not justified. Further testing of
this type is not recommended.

3. Effort should be directed toward the development of a means to assess
and measure injector mixing performance.

One very promising means by which this may be accomplished 1s the use of
multidimensional CFD codes such as ARICC. Such codes can already model cold-flow
gas motion with good accuracy, and can include the effects of droplets and com-
bustion on gas dispersion. Modeling of the 1iquid phase (atomization, stream and
droplet breakup, and droplet motion) 1is currently less developed, but efforts to
improve such models are under way.

Another means for the measurement of the mixing performance of injectors 1s the
utilization of advanced combustion diagnostic techniques such as Raman spectro-
scopy. These diagnostic techniques offer the potential capability to directly
and nonintrusively measure combustor gas temperatures and compositions. Thus,
they could provide the first direct measurements of hot-fire mixing efficiency.
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V. ATOMIZATION

INTRODUCTION

Atomization data have long been recognized as one of the most'1mportant inputs to
any spray combustion model. Both the droplet-size and droplet-size distribution
have been shown (Ref. 5-1 and 5-2) to have a large effect on the computed perfor-

mance of a liquid rocket combustor.

Reference 1-1 contains a detailed assessment and description of available 1iquid
rocket combustor atomization correlations. In summary, the state of the art of
atomization modeling is generally inadequate to meet present needs. The physics
is only qualitatively understood at best. No quantitative theories exist. The

avallable data and correlations generally are of questionable validity and/or
utility. Many of the most critical parameters are unknown (e.g., combustion gas
velocity field and multiple element effects) and/or are not simulated in tests
(e.g., gas densities, real propellant fluid properties, and combustion gas
motion). 1In addition, the measurement techniques generally used employ question-
able assumptions or are incapable of sufficiently detailed or appropriate

measurements.

Recognizing the importance of atomization data, and the poor quality of the pre-
sently available data, modelers have often used the initial droplet sizes as an
adjustable parameter to calibrate their codes. Thus, when the code computations
did not predict observed rocket combustor performance, the initial droplet sizes
were modified to force agreement. This is the case with the three major perfor-
mance assessment codes: SDER, CICM, and TPP.

Obviously this degree of uncertainty about one of the most critical inputs to a
spray combustion code is not a satisfactory or acceptable situation. And yet, it
has been accepted for some time, and 1ittle effort has been directed toward
improvement. The last extensive program of 1iquid rocket atomization research
was the "hot wax technique" study performed by Rocketdyne and completed in the
very early 1970s.
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The neglect of such an important area of study may, in part, be the result of a
reduction in more basic 1iquid rocket research funding in order to support engine
development efforts. It may also be caused by a lack of knowledge of (1) the
importance of atomization data and (2) the inadequate level of quality of avail-
able atomization data for combustor analysis codes. And finally, neglect of this
important research area 1s caused, at least in part, by the lack of suitable
techniques for measuring droplet sizes accurately and rapidly. (Problems with
these techniques are discussed in detail in Ref. 1-1 and 5-3.)

Over the past ten years, the state of the art of droplet-size measurement tech-
niques has improved considerably. Lasers have been employed in a variety of ways
to obtain hitherto unavailable information, and small computers have been
employed to rapidly convert this information to droplet-size data and to compile
and correlate these data. Oroplet-size measurement instruments have been devel-
oped that utilize such methods as photography, pulsed laser holography, X-ray
laser shadowgraphy, Fraunhofer diffraction, pulsed laser TV imaging, pulsed laser
photography, high-speed cinematography, and laser interferometry. Many of these
instruments and methods are "custom designed" by researchers for their own appli-
cations, but several have been developed and are sold commercially. These tech-
niques have been employed in other atomization studies, primarily to evaluate the
atomization of diesel, gas turbine, and larger commercial combustor fuel injec-
tors, as well as other spray devices (e.g., agricultural sprayers and flue gas
scrubbers).

In 1981, Rocketdyne began an 1in-house examination of these various drop-size
measurement techniques and instruments, with the intent of applying one of these
to the study of Tiquid rocket combustor injectors. These techniques were evalu-
ated with regard to their capabilities in the following areas:

1. Nonintrusive (no flow disturbance)

2. Large sample size. (Several thousand droplets must be measured to obtain
accurate distributions)
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3. Speed of data acquisition, compilation, and analysis. (Technique must be
automated as manual methods are too expensive)

4. 10 to 500 micron droplet-size measurement capability
5. No restrictions on test liquid propertfes

6. Vacuum to high-pressure test capability. [(Requires that technique be
usable in pressure/vacuum vessel (i.e., window and access considera-
tions)]

7. Specific and small measurement location. (Will provide spatial resolu-
tion of the spray) ‘

8. Temporal (flux- based) rather than spatial (concentration-based)
droplet-size data. (An important and often overlooked consideration.
For a detailed description of this consideration, refer to Ref. 5-1
through 5-3, and ASTM standard E799)

9. Droplet velocity measurement capability
10. Applicability to reacting flows
11. Applicability to thick/dense sprays

12. Commercial availability. (Rocketdyne did not wish to become developer
of such techniques, if possible)

Most of the techniques considered were relatively new, with 1ittle user exper-
jence or proven capability. Moreover, no standard spray exists by which to
measure the effectiveness, accuracy, et al, of a ‘drop-size measurement tech-
nique. Thus 1t 1is necessary to rely upon drop generators that produce single
drop-size (monodisperse) and very dilute sprays, and upon the "reasonableness" of
the measurements of sprays, to assess the validity of an instrument. This
inability to verify the droplet-size measurements of new techniques and
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instruments is a serious problem that continues to inhibit atomization studies,
as it did the Rocketdyne efforts.

By mid-1981, Rocketdyne had selected the technique of droplet sizing interfero-
metry as the most promising technique to employ 1in the study of 1iquid rocket
atomizers. Arrangements had been made to lease and subsequently purchase a drop-
let sizing interferometer (0SI), manufactured by Spectron Development Labora-
tories; and supporting equipment for Rocketdyne IR&D studies of injector
atomization characteristics. Also, a windowed pressure vessel was located at
Rocketdyne, which appeared satisfactory for high-pressure injector atomization
characterization. In October 1981, open-air tests of dilute sprays began. These
were part of an IR&D project to develop familjarity with, prove, and implement
this droplet sizing technique at Rocketdyne. Based upon the DSI manufacturer's
reports and the fact that over a dozen of these systems were then in use in the
U.S. and Canada, 1t was anticipated that this high-pressure droplet sizing capa-
b11ity would be easily and rapidly implemented at Rocketdyne. Accordingly, when
this atomization and mixing study contract was announced by NASA-MSFC, Rocketdyne
proposed to employ this advanced droplet sizing capability.

By the spring of 1982, the IR&D dilute spray studies had established that the DSI
did not perform satisfactorily. While the DSI was easily and repeatably able to
accurately determine the droplet size of a narrow stream of monodisperse drop-
lets, the Rocketdyne testing clearly demonstrated that spray test results
obtained with different instrument settings were quite inconsistent.

During the next year, Rocketdyne worked with the DSI developers at Spectron
Development Laboratories in the development and testing of a second-generation
DSI. The Rocketdyne primary function in this joint enterprise was to evaluate
the new DSI and assist in the development of operating procedures. In
February 1983, 1t was determined that this second-generation DSI (using the visi-
bility/intensity technique later described) was performing satisfactorily.

Additional effort was then begun to develop and test the high-pressure atomiza-
tion test capability. The high-pressure, windowed test vessel, DSI and
associated equipment, and propellant simulant tankage, plumbing, and control
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hardware were installed in a test cell in the Rocketdyne Engineering Development
Laboratories. The test vessel (Fig. 5-1) 1s a 6.2 MPa (900 psig), man-rated,
ASTM cylindrical pressure vessel with an inside diameter of 15.2 cm. The win-
dowed section of the vessel is near the top. A single injector element could be
mounted in the center of the top of the vessel. Gaseous nitrogen flow (bleed
gas) was provided circumferentially about the element to reduce recirculation of
the droplets. The injected propellant simulant ahd the bleed gas were exhausted
from the bottom of the tank. The monod1sperse drop1et generator, which was
required for alignment of the DSI, was modified to mount in the center of the top
of the tank. A high-pressure feed system, with a very low and precisely control-
led flow rate, was desﬁgned and constructed for the monodisperse droplet genera-
tor. The DSI alignment procedures were modified to account for the high-pressure
windows, and the ability of the DSI to correctly measure the sizes of mono-
disperse droplet streams within the tank was confirmed.

The first attempt to make high-pressure, droplet-size measurements quickly demon-
strated the inadequacy of the bleed gas flow. Even at the maximum facility flow
rate, the bleed gas was 1ncapab1e of preventing large quantities of liquid from
being recirculated. L1qu1d was being drawn up along or near the chamber walls
and pulled back into the main body of the spray. This recirculating liquid,

combined with the main body of spray, was far too dense to allow DSI measure-
ments. The velocity of the 1njected prope11ants was ‘creating a low-pressure
region near the 1njector face (in a manner similar to a jet pump). Also, the
lower part of the tank was extreme]y turbulent and agitated. The recirculating
gas was entraining some of this agitated 1iquid and flowing upward, along the
cylinder wall, toward this,Ibw—pressure region. A variety of baffles and open
celled, plastic foam wall liners were built and tested in order to minimize this
recirculation. These were only par{1a11y successful. A more successful design
(presented in Fig. 5-2) consisted of a combination of these baffles and foam,
together with a set of tubes a1igned axially along the periphery of the cylin-
der. This arrangement a11owed the gases to f1ow through the tubes from the bot-

tom of the tank to the top “"Foam was placed over the tube ends to reduce water
ingestion. This technique of contro]led and filtered rec1rcu1at1ng gases greatly
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The DSI was realigned and calibrated, and attempts were again made to measure
droplet sizes in the center of the sprays produced by the gas/1liquid injectors at
high pressure. Once more, it was found that the sprays were too dense. As will
be described in the following section, the DSI establishes a very small measure-
ment region within the spray -- the brobe volume. As a droplet passes through
this region, its size and velocity are measured. Hdwever, only a single droplet
can traverse this probe volume at one time if the data are to be valid. The DSI
recognizes and discards finvalid data. 1If the droplets are too closely packed
(i.e., the spray is too dense), then only rarely will a single droplet traverse
the probe volume. The gas/liquid injectors of interest produce such dense sprays
of very tiny droplets, that the DSI could not measure droplet sizes except near
the edge of the spray. Even the lowest flow rate element (triplet element 4)
produced sprays that were too dense. The droplets produced were smaller but Just
as densely packed. Three approaches were formulated to resolve this problem:

1. Reduce probe volume size: The sizes of the laser beams forming the
probe volume were reduced to their minimum diameters. While this reduc-
tion improved the situation, it was not sufficient.

2. Develop and use an intrusive probe: A complex cone-shaped probe was
designed, built, and tested to accomplish this. This probe is presented
in Fig. 5-3. The function of this probe was to intercept a small por-
tion of the spray (the part entering the small end of the cone), separ-
ate it from the main body of the spray, and spread the droplets over a
larger area. All this must be accomplished without significant droplet
breakup or collision with the probe wall. Pré11h1nary testing was
disappointing, and it appeared that the development of this technique
would be a Tong-term research project. Therefore, since schedules and
budgeting constraints were pressing, this approach was abandoned.

3. Make measurements further downstream of the 1njéctor: As sprays move
downstream from the 1injector, they spread and the droplet density
decreases. Open-air tests were performed that demonstrated which
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measurements could be made far (as much as 1 meter) from a fully flowing
injector. Unfortunately the test vessel was designed for spray mappings
only a few (up to 10) centimeters below (downstream) of the injector.
Also, the test vessel had an inside diameter of only 15.2 cm, which was
insufficient to allow adequate spreading of the spray. Thus this
approach could not be applied in this test vessel. No other suitable
pressure vessel was available.

As a result of this unresolved problem, a decision was made to delete the
high-pressure atomization testing and to perform all such tests unconfined (1.e.,
at atmospheric pressure). An open-air test apparatus was constructed. The test
procedures, apparatus, rationale, plan, and results are later described in
detall. A1l this effort to establish this atomization test capability, as
described, was performed with Rocketdyne funding, and was not a part of the con-
tractual program.

This decision to test at atmospheric pressure was driven by the previously dis-
cussed hardware and instrumentation (DSI) 1imitations. This approach was
employed only as a last resort, as it was recognized that the extrapolation of
the test results to the high-pressure conditions of interest would be difficult.
Nearly all other atomization research programs have been similarly forced to
perform their tests at atmospheric pressure. As reported in Ref. 1-1, essen-
tially no high-pressure atomization data exist for 1iquid rocket injectors except
for some very limited data obtained in support of the SSME development (1.e.,
coaxial 1injectors). Thus, a considerable need exists for high-pressure
atomization data (one of the original goals of this program). Also, a lack of
data to support extrapolation of atmospheric pressure data to high pressure
remains (now one of the needs of this program).

DROPLET STIZING INTERFEROMETRY

This subsection describes the droplet sizing interferometry technique employed in
this program. While a number of interferometric techniques have been developed
to measure droplet sizes, this discussion 1s 1imited to the combined
visibility/intensity (V/1) DSI technique employed on this program.

RI/RDB5--312
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As with all DSI techniques, this technique employs a laser, beamsplitter, and
appropriate optics to cause the two beams to intersect at a point within the
spray where the drop sizes are to be determined (see Fig. 5-4). The intersection
of these laser beams produces an 1nterfereh%é region--a series of fringes cover-
ing the region in space where the beams overlap. This region is referred to as
the probe volume. This probe volume may be quite small, perhaps as small as 100
microns in diameter and a few hundred microns in length, and is of an ellipsoidal
shape. Collection optics are provided that image this tiny probe volume on a
photodetector. Now, as a droplet passes through the probe volume, it scatters
1ight (by refraction and reflection) onto this photodetector. This produces a '
signal similar to the plot of intensity vs. time shown in Fig. 5-4. This signal
is referred to as a Doppler burst or signal, and consists of two components: an
ac component superimposed on a gaussian-shaped signal (the "pedestal"). The ac
component results from the passage of the droplet over. the alternating bright and
dark fringes. The pedestal is caused by the gaussian intensity profile of the
laser beams. The fringe spacing, which is determined by the optics of the sys-
tem, and the measured frequency of the ac component can be used to compute the
velocity component of the droplet normal to the fringes. The velocity is simply
the fringe spacing (the distance the drop travels between fringes) divided by the
period of the ac signal frequency (the time required to travel that distance).
This technique is commonly referred to as laser doppler velocimetry.

This Doppler signal can also be used to determine the size of the droplet through
the concept of visibility. Visibility is a measure of the size of the ac compo-
nent relative to the pedestal. This vrelationship and its derjvation are
described in detail in Ref. 5-4 and 5-5. However, by referring to Fig. 5-5 it
may be possible for the reader to obtain a qualitative understanding of how visi.
bility can be related to droplet size. Figure 5.5 presents typical signals that
may be obtained for a small droplet (upper plot) and a large droplet (lower plot)
passing through the probe volume. The small droplet produces a weaker overall
signal than the large droplet, simply because of its smaller size and consequent
lesser light-scattering ability. In addition, the small droplet produces a sig-
nal in which the ratio of the ac component to the pedestal (1.e., the visibility)
is high. Because the droplet diameter s much less than the fringe spacing,
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smaller droplets have more fluctuation in their Doppler signal. When the droplet
is in a bright fringe, the entire droplet is 1lluminated, and a relatively strong
signal 1s detected. When the droplet passes through a dark fringe, it scatters
almost ho Tight, and the signal drops nearly to zero. Conversely, the large
droplet overlaps fringes so that i1t is never totally in darkness or completely,
brightly 11luminated. Hence, its signal does not fluctuate as much. Thus it can
be seen that small droplets produce signals having high ac components relative to
the pedestal (1.e., high visibility), and large droplets produce signals having
Tow ac components relative to the pedestal (i.e., low visibility). It is impor-
tant to recognize that visibility is a relative measurement. Thus, if droplets
only pass through the edge of the probe volume, where the fringes are less
bright, the strength of both the ac and the pedestal signals 1s reduced. How-
ever, their respective magnitude relative to each other (i.e., the visibility)
remains constant.

It s also important to note that this technique requires that only one droplet
at a time be present within the probe volume. Also, this technique is based upon
the assumption that perfect interference exists between the laser beams. The
beams must be of equal intensity and phasing so as to produce fringes of very
high contrast (e.g., extremely black, dark fringes and bright, 1ight fringes).
If the fringes become smeared (lower fringe contrast), so that the intensity of
the bright fringes 1is reduced and the brightness of the dark fringes 1is
increased, then the ac component of all Doppler signals is decreased. However,
the pedestal is relatively unaffected, and therefore, the visibility 1s also
decreased. This condition then makes all the droplets appear larger than they
really are.

The original DSI that Rocketdyne planned to utilize was based upon this visibil-
ity technique. While the DSI performed very well on a narrow stream of monodis-
perse drop)ets, Rocketdyne testing demonstrated its 1inabiiity to make accurate,
or even approximate, measurements in a distributed spray of modest dens1fy. The
problem was determined to be a result of poor fringe contrast. The major cause
of this poor fringe contrast was the passage of droplets through the beams prior
to their intersection. This action had the effect of selectively reducing the
intensity (or perhaps altering the phasing) of one or the other of the laser
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beams. Thus, the fringes were of poor contrast, and the droplet sizes measured
were often incorrect.

It was impossible to prevent the droplets from passing through the beams without
somehow shielding the beams from the spray (i.e., p1ac1ng something intrusive
into the spray). This so1ut10n was not acceptable. Instead, a modification of
the visibility technique was employed to circumvent the prob1em This modified
technique employs the absolute ampiitude of the signal (i.e., the intensity of
the 1ight scattered by the droplet) as an additional measure of droplet size.

The droplet visibility is measured and the droplet size inferred from visibility
as previously described. In addition, the peak value of the signal (peak intens-
1ty) is measured. This peak intensity 1s also a measure of droplet size, as
larger drops scatter more 1ight. Thus two separate measures of droplet size are
obtained, which are compared by the DSI instrumentation and, if they are not
within tolerable agreement, that measurement is rejected. Thus, the intensity
droplet-size measurement is used to confirm the visibility droplet-size measure-
ment. This combined technigue is referred to as the V/I DSI technique. The
preceding discussion of the V/I DSI technique fis considerably simplified and
neglects a number of important issues and features. A more detailed description
of this technique is presented in Ref. 5-6.

TEST APPARATUS AND PROCEDURES

Test Configuration

A pictorial view of the test facility is shown as Fig. 5-6. The DSI He/Neon
laser is shown in the lower left of this photograph. A single laser beam is
split within the laser assembly to form two coherent beams that converge to form
the measurement probe volume. 1In the view shown, the Berglund- Liu droplet gener-
ator (upper left) is operating to form a monodisperse drop1ét stream for calibra-
tion of the DSI system. Light scattered by droplets traversing the probe volume
1s collected by a photodetector cell in the DSI receiver (mid-right). Electrical
signals are generated from the ref1ecfed/refracted Tight, and the signals are
transmitted to a data processor (not shown) for visibility and intensity evalua-
tion. Valid data from the processor are then stored in the computer for
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jmmediate visual presentation.- These data may be transferred to a floppy disc
for subsequent retrieval and presentation in various forms.

Prior to each test, pretest inspection and alignment are conducted on the DSI
system to verify that the system is operating properly. Measurements are conduc-
ted to confirm that the laser beam focus, spacing, and beam intensity are satis-
factory. The DSI signal processing equipment settings are appropriately set, and
the DSI data collection and processing computer software is initialized and
appropriate inputs provided. An oscilloscope with a signal storage capability is
set up to monitor the Doppler burst signals from the DSI receiver photomultiplier
tube.

A Berglund-Liu monodisperse droplet generator 1is used to calibrate the DSI
measurement system prior to each test. The Berglund-Liu droplet generator is
designed to generate a stream of precise, constant diameter droplets by dispers-
ing a constant liquid flow rate at a specified injector vibration frequency. The
injector vibration is produced by a pilezoelectric crystal powered by appropriate
signal generation equipment. The DSI optics are adjusted to obtain maximum data
rate output and to obtain close agreement (within 5 microns) between the measured
DSI droplet size and the known droplet size produced by the Berglund-Liu droplet
generator. The Berglund-Liu droplet generating system is very sensitive to con-
tamination within the fluid system, 4rregularities of the pulsing orifice
diaphragm, variations of the fluid upstream pressure, and other unknown factors.
Frequently, calibration of the DSI system was prolonged (occasionally for several
days) by problems with the Berglund- Liu droplet generator. Many of the problems
caused by contamination were eliminated by placing a 0.5-micron filter 1in the
1iquid supply system immediately upstream of the injector. Also, immersion of
the injector orifice diaphragm in a detergent solution whenever the diaphragm was
not in use, reduced calibration delays. At other times, when no detectable cause
for problems with the droplet generator was apparent, the replacement of the
orifice diaphragm with a new diaphragm improved the performance of the droplet
generator. '
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During the calibration procedure and the subsequent 1injector testing, a
strobe-1ight was used to visually observe the monodisperse stream or the spray
produced by the injector. Scann1ﬁg of the frequency range of the strobe-light
allowed the "periodic frequency" of a specific area of the ‘injector flow field to
be determined and “"frozen" for visual study over a period of time. This capabil-
ity aided in the determination of the spray characterist1cs.

DSI calibration was considered complete when adjustment of the DSI optics
resulted in (1) a maximum data rate output at the processor, (2) a proper Doppler
signal display on the oscilloscope (i.e., correct number of fringes and symmetri-
cal and nondistorted signal), and (3) the agreement within 5 microns of the pre-
dicted Berglund-Liu generated droplet size with the DSI measured droplet size.

After completion of the DSI calibration, the x-y positioning table shown 1in
Fig. 5-5 was adjusted by a thread/screw mechanism to locate the centerline of
the injector at the laser probe volume spatial location. No adjustments were
made to the DSI system after the calibration.

The desired 1iquid flow rate for the test was then obtained by adjustment of a
small precision value in the injector 1iquid inlet line immediately upstream of
the injector. The injector liquid effluent was collected in a calibrated con-
tainer for a preset period of time and the valve adjusted to obtain the desired
flow rate. The GN2 flow was determined by measuring the upstream pressure and
temperature of a calibrated sonic venturi in the facility gas supply system. To
ensure sonic flow conditions, pressure measurements were also observed immedi-
ately downstream of the venturi. The GN., pressure was also measured immedi-

2
ately upstream of the injector.

ATl flow and pressure measurements for each injector test series were documented,
together with other important test information on test data sheets. A typical
test data sheet is presented as Fig. 5-7. . '
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After verification that the target test flow rate and mixture ratio were satis-
factory, an exhaust fan was turned on to prevent recirculation of the injector
effluent. The exhaust fan system consists of a high-volume blower with a large
flexible duct connected to the injector spray catch pan (Fig. 5-6). The exhaust
system is effective in eliminating spray recirculation without affecting test
results. After the start of the blower exhaust system, DSI measurements of the

injector spray were initiated.
ATOMIZATION CHARACTERIZATION TESTING

The intent of these tests was to obtain a detailed mapping of the spray produced
by the nine baseline elements previously described and presented in Table 2-1.
Such mappings consist of droplet-size distribution plots at various points within
the spray. These hay then be combined to produce droplet-size distributions
characterizing different portions of the spray and the overall spray. In addi-
tion, various representative droplet sizes characterizing the spray, such as mass
median, Sauter mean, and volume mean, can be computed from these mappings. These
results would then be available for use in the various 1iquid rocket engine com-
bustor codes. '

Droplet Discrimination by Composition

A1l nine baseline injectors employ both propellants in each individual element.
Three of these are unlike impinging 1iquid/liquid elements, and the remaining six
are gas/liquid elements. The DSI technique cannot discriminate between droplets
of different composition and can only correctly size droplets of one composition
(one index of refraction) at a time. Thus, if two different types of droplets
are present, the DSI will only correctly measure those of one composition, and
those of the other composition will be incorrectly sized (unless they happen to
have the same index of refraction).

Furthermore, it will not be possible to distinguish one type of droplet from the
other. The two different drop-size distributions would be simply added
together. Almost every droplet-size measurement technique has this deficiency,
but it 1is only of importance to researchers ipterested in multiple 1iquid
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atomizers, such as those 1n'11qu1d rocket engines. With the exception of some
small amount of "hot wax" test data (where water and wax were employed), no data
exist on the droplet sizes of each type of 1iquid produced by unlike 1iquid
injectors.

To circumvent this difficulty, tests were planned to'1nvestigate the feasibility
of making one of the two injected 1iquids invisible to the DSI. These tests were
to be accomplished, using dyes to absorb the incident laser 1light rather than
refract i1t to the DSI receiver. If only one liquid were so dyed, its droplets
would be 1invisible to the DSI. By an alternative dying of each 1liquid, the
obtaining of separate droplet size data for each 1iquid was thought to be pos-
sible. However, prior to these tests being conducted, this technique was deter-
mined unworkable. Rocketdyne IR&D studies indicated that 1large quantities of
mixed-composition droplets would occur. Even 1immiscible 1liquids would be
expected to form such mixed-composition droplets. These mixed-composition drop-
lets would be only partially visible to the DSI and would be incorrectly sized.
As a result, this particular approach was abandoned, and the three 1iquid/liquid
impinging elements were deleted from the testing.

Test Flow-Rate Considerations

Another problem area previously discussed was the chamber and DSI l1imitations
that prevented higher-pressure testing. Thus, the open-air test apparatus
described in the preceding section was constructed. This inability to test at
higher pressure resulted in additional test difficulties as described below.

Once the pressure at the downstream end of the injectors (the backpressure) was
Timited to atmospheric pressure, flowing these injectors at any significant per-
centage of their design flow rates would result in pressure drops across the gas
orifices of the 1injectors of at Tleast several thousand kilo Pascals (several
hundred psi). This result would, of course, require that these orifices be
choked. If these orifices were operated in such a highly choked condition, the
resulting gas flow would experience a rapid expansion upon exiting the injector.
Such a flow would be characterized by a gas jJet with complex expansion waves, a

much larger diameter than the orifice, and a very high velocity. This result was
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considered to be unacceptable. As will be subseduently discussed, where the test
rationale and conditions are described, the gas stream diameter and velocity are
important variables. Thus, all tests were performed with unchoked orifices.
. ,

To maintain the injectors unchoked, the gas mass flow rates employed must be very
small. Also, since the ratio of gas flow rate (the atomizing force) to 1liquid
flow rate (the quantfty on which this force acts) was considered important, it
was desirable to maintain mixture ratios comparable to those for which the injec-
tors were designed. Thus, the 1liquid flow rates were also quite small. This
generally resulted in 1liquid injection velocities of 1less than 0.5 m/sec. At
these low 1iquid flow rates, the spray behaved in a ‘most peculiar fashion. The
two triplet injectors exhibited drastic changes in the spray pattern that were
not repeatable. 1In some cases, streams of larger droplets were observed moving
almost horizontally from the impingement point, or at a very large angle from the
main body of the spray. This was especially apparent for the smaller triplet
(element 4). Measurements of the sizes of these droplets were not obtained as
this would have required ‘a major modification of both the optical equipment (to
measure these much larger droplets) and the test apparatus (to pgrm1t measure-
ments so far from the main body of the spray). Furthermore, these strange spray
patterns were not repeatable. At higher liquid flow rates (mixture ratiocs much
higher than reasonable for testing), these effects disappeared and the spray
appeared more normal and well behaved. It is believed that thése peculiar spray
patterns observed with the triplets result from the effects of surface tension
(and perhaps small contaminant particles). The triplets, especially the smalier
triplet, have much smaller 1liquid orifices than the other gas/liquid injector
elements. At higher liguid injection ve]ocities, surface tension forces would be
negligible, but at these low flow rates,’surface tension forces may be a signifi-
cant factor influencing the atomization process. Such effects are, of course,
unrepresentative of actual injector performance. Therefore, after several map-
pings of the main bodies of these sprays and after many attempts to obtain
repeatable flows with the two triplet injectors, these two elements were deleted

from the testing.

The sprays of the remaining four elements (elements 3, 5,'7, and 9 of Table 2-1,
a pentad, and three coaxial elements) were found to be repeatable and relatively
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well defined at the desired baseline test conditions. The sprays of the two
preburners elements (the pentad and coaxial element 5) exhibited a few large
droplets that are probably not typical of realistic sprays. ODroplets were
observed to form and grow on the face of the pentad and move about until they
became large and contacted one of the gas Jjets. They were then blown off and
atomized, producing a brief disturbance of that gas jet. This process occurred
at such a low frequency, and had such 1ittle apparent effect on the spray, that
1t was not considered to Jjeopardize the validity of the droplet-size’ measure-
ments. The preburner coaxial element produced a spray containing a very few
larger droplets (i.e., greater than 100 microns in diameter), which were not
included in the measured droplet-size distribution. At higher flow rates, these
disappeared.

Thus, the elements tested in this program were the pentad and the three coaxial
elements. Certain preliminary checkout tests, the rationale for the test plan,

and the final test matrix follow.

Measurement Repeatability

Prior to beginning these tests, 1t was necessary to perform several checkout
tests to ensure the validity and utility of the data. As a part of the test
procedure previously described, the DSI was aligned and 1ts droplet sizing capa-
bility confirmed via measurements of a monodisperse stream of droplets. This was
done prior to each mapping. In addition, a number of measurements and spray
mappings were made to confirm the repeatability of the measurements. Even with
DSI realignment and recalibration, the repeated mappings never varied signifi-
cantly (1.e., distribution peaks and representative droplet sizes never varied by
more than about 5 microns) from the original mapping.

Measurement Plane

Another concern was the effect of the axial location of the measurement plane.
A1l mapping measurements were made in a plane Tlocated 0.235 meter below the
injector. This distance was chosen for several reasons. First, as previously
discussed, the DSI performs better in dilute sprays. Making measurements at this
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distance allows the spray to spread and become more dilute. Secondly, close to
the injector, the spray may contain nonspherical 1iquid part1t1es (1igaments and
oscillating, deformed droplets). The DSI technique reduires that the droplets be
spherical. At greater distances from the injector, all the ligaments should be
broken and the droplets stabilized to a spherfta] shape. To confirm that the
spray was stable at the measurement plane, mappings were made at axial Tocations
of 0.222 and 0.235 meter. The results were éssentia]]y identical.

Spray Mapping Orientation, Data Compilation, and Data Presentation

Once the DSI is aligned and calibrated, and spray droplet-size measurements
begin, vast quantities of data can be obfhined in very short times. The DSI
measures the sizes and velocities of droplets af a particular probe volume loca-
tion within the spray and at rates as high as several thousand droplets per sec-
ond. Droplet-size counting rates in these mappings were generally much lower --
on the order of a few hundred counts per second or less. Droplets are counted
for a period of up to 120 seconds, resulting in drqplet counts of about 1000 to
10,000. Furthermore, the DSI only counts the droplets passing through the probe
volume that lie within a particular velocity range. The velocity range can be
modified, but is rarely large enough to encompass the tota14range of the droplet
velocities within the spray. 'Tﬁus,xit is necessary to make two or three droplet-
size measurements at each location and to subsequently add the droplets of
similar sizes from each of these samples together.

The total number of droplets counted at a part1culdr location within the spray,
therefore, could exceed 20,000. Furthermore, to obtain accurate and representa-
tive droplet-size data for the entire spray, it 1s necessary to make measurements
at a large number of Jocations. (The determination of the necessary number of
locations is subsequently discussed.) Thus, it can be seen that the quantity of
data obtained is immense, and data handling, compilation, and presentation prove
a challenging task.

The droplet-size data are stored in a microcomputer that is a part of the DSI
system. This computer has the capability to compile and output data from a
single run. (A1l the drop sizes and velocities measured at a single point over
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a single velocity range.) Such output consists of the number of droplet counts
for each of 53 size groups or bins encompassing the measurement droplet-size
range. Droplet velocities are similarly separated into bins. Fig. 5-8 and 5-9
are examples of the DSI standard output. In Fig. 5-8, the left plot 1s the drop-
let-size distribution and the right plot, the droplet-velocity distribution. The
absicissa values for these plots are printed below the plots, together with a
variety of information regarding DSI parameters. Also shown is the total number
of counts comprising these distributions (7271 in this case) and the time over
which this measurement was made (120.2 seconds). Figure 5-9 presents the plotted
data in tabular form. The number of droplets in each size bin is defined in the
first two columns and the number of droplets in each velocity bin 1s presented in
the last four columns. Bins with less than five counts are not printed.

Note that the velocity distribution is incomplete. While there are apparently no
droplets with higher velocities than were measured here (up to 22.6 m/sec), there
are quite obviously many droplets having velocities below the minimum velocity of
this measurement (7.25 m/sec). Since it cannot be assumed that s]ower'droplets
would have the same size distribution as these droplets, it would be necessary to
obtain similar data at this spray location over at least the next lower-velocity
range. The droplet counts per second of collection time in each of the nonover-
lapping velocity ranges can then be added to obtain the complete distribution for
that location. The DSI software can also produce special plots of droplet size
vs. velocity.

The standard D0SI software does not have the capability to add droplet distribu-
tion plots. Furthermore, to obtain representative droplet-size distributions
characterizing selected regions of the spray or the entire spray, the distribu-
tion at each location must be suitably weighted by the area of the spray repre-
sented by that measurement 1location. The standard DSI software also does not
have this capability. Accordingly, an additional data compilation code was con-
structed to perform these computations. An example of the output of this code 1is
presented in Fig. 5-10, which 1s a compilation of all the droplet-size data for
the coaxial element (element 7) at the flow conditions of test 21. Twenty-one
separate droplet-size measurements, taken at various Tlocations within the
measurement plane of this spray, and over different velocity ranges, were
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Figure 5-8. DSI Output Plots
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Figure 5-9.
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suitably corrected for sampling time, weighted for the spray area represented by

each measurement location, added together, normalized to the largest bin, and
plotted. In addition, several representative droplet sizes are computed from
these dafa. These sizes are the mass medium diameter (D), the volume mean diame-
ters, (030). the Sauter mean diameter (032). and the 1linear mean diameter
(010)' It should also be noted that the droplet-size range of Fig. 5-10 is
less than that measured by the DSI and presented in Fig. 5-8. The Rocketdyne
data compilation program has been constructed to exclude the data 1in the five
bins containing the counts of the smallest droplets. Based upon detailed exami-
nation of the methods by which the V/I DSI technique functions, it has been
determined by Rocketdyne that these data are of highly questionable validity.
Hence, they have been deleted.

Figure 5-10 contains the primary droplet-size information required by spray com-
bustion modeling codes and provides a complete, overall assessment of the atomi-
zation characteristics of this spray. If more detailed information is desired,
similar plots can be obtained for selected locations within the spray and for
particular regions of the spray, as will be subsequently shown.

In many instances during these atomization tests, a substantial portion of the
dropiets was smaller than could be reliably measured with the DSI. In such
cases, only the mass median droplet diameter 1is presented, as it would be least
affected by the presence of the tiny drops. However, it must noted that in such
cases, the reported mass median drop size i1s in error by some unknown amount.

To systematically record and specify the location of the measurements within the
spray, a standard three-dimensional Cartesian coordinate system was employed.
This system is presented in Fig. 5-11. The center of the injector element is at
the x=0, y=0, z=0 point, and any location within the spray can be readily identi-
fied by it (x,y,z) location. As previously noted, the element is mounted on a
framework resting on an x-y table that can be easily and precisely translated in
the x or y directions. Thus, during testing, the coordinate ;ystem and spray are
traversed in the x and y directions, and the DSI equipment and the probe volume
remain stationary.
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Figure 5-11. Spray Mapping Coordinate System
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Element orientation within this coordinate system was as follows. For coaxial
elements, the LOX post is centered about the negative z-axis, with the injector
face at the z=o0 location. Thus, the center of the LOX post at its downstream end
is (o, o, -R), where R is the LOX post recess of the particular element. The
pentad element was oriented so that a particular pair of outer orifices were
always aligned along the y axis. Pentad orientation is presented in Fig. 5-11.

Effects of Ambient Air Motion on the Spray

One final 1ssue of concern is the effect of the ambient air motion on the charac-
terization of the spray. As discussed in the section of this report describing
the gas/liquid mixing test effort, the spray causes motion and recirculation of
the surrounding air. Considerable evidence exists that demonstrates the motion
of the surrounding gases can greatly affect the measured droplet size (Ingebo -
Ref. 5-7, Zajac - Ref. 5-8 and 5-9, and Falk - Ref. 5-10). To prevent the recir-
culation of the spray in these tests, a large and deep spray catch pan was
installed slightly below the measurement plane. This catch pan was equipped with
a 51-cm-diameter duct connected to a blower. This pan provided a constant flow
of air downward into the catch pan, thereby containing and preventing the recir-
culation of the spray. While such a spray removal device was necessary, some
concern was expressed that the suction produced by the blower would alter the gas
motion sufficiently to change the droplet sizes.

In addition, there was concern that anything disturbing or modifying the manner
in which the surrounding gas was ingested into the spray, might affect droplet
sizes in the spray. If this effect 1s strong, it has serious consequences
regarding the ability to extrapolate from any cold-flow atomization data to real
injectors operating in engines. The presence of the injector face and the adja-
cent elements, and the expansion of the fuel gas caused by heating and combus-
tion, will most certainly and drastically alter the motion of the surrounding
gas. These effects cannot be simulated in cold flow. '

To partially investigate this, a series of tests were conducted to determine the

effect of the surrounding air motion on the atomization characteristics of the
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water spray. If such an effect was observed, and if the effect was significant,
then the applicability of this or any atomization data to any combustor would be

very difficult and/or of doubtful validity.

For the investigation of this Effect, two different confiqurations were tested.
The first set of tests was conducted with the catch pan exhaust fan operating to
promote removal of the spray droplets from the measurement region. The exhaust
fan inhibits recirculation of the air and water droplets. The data from the
tests with the fan operating were compared to tests at the same condition without

the fan operating.

The second set of tests was performed with and without a shield (a cone) around
the injector spray pattern. The function of the shield (cone) was to minimize or
distort the natural influx of the surrounding air into the spray. The objective
of these tests was to determine if such a change in air movement would signifi-
cantly change the spray droplet size and/or velocity characteristics. These
tests were also conducted with and without the exhaust fan in operation.

These tests were performed very early in the program (before the installation of
flow-measurement devices). The gas and liquid side injector pressure drops were
measured, and flow rates estimated from these. However, subsequent to these
tests, some leakage was discovered between the gas and liquid sides of the ele-
ment because of a faulty 0-ring. Thus, the actual flow rate computed in this
manner could be somewhat in error. Since the intent of these tests was to deter-
mine the relative effects of air ingestion variations, the spray produced need
only be constant (which it was). These tests employed the large gas/liquid pre-
burner triplet (element 2), flowing at very high 1iquid flow rates so as to pro-
duce a constant and repeatable spray that was free from the unrepresentative
spray distortions effects observed at low liquid flow rates.

The cone used in certain of these tests fit tightly about the injector element
and was approximately 6 cm in diameter at that end. The cone concentrically
enc]osed“the spray (without touching it) for a distance of 15 c¢m and was 30 cm in
diameter at the open end. The cone ended 7.9 cm above the measurement plane (z =

22.9 cm for these tests).
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Measurements were made at a number of points within the spray, and the
droplet-size distributions were found to be comparable (i.e., within about 10
microns) at all points measured. The droplet sizes measured were generally very
small, and it was apparent that many droplets had diameters less than what could
be reliably measured with the DSI (i.e., about 18 microns). It is believed that
the upstream leakage between orifices was responsible for this fine atomization.
Since large portions of the spray consisted of drops having diameters smaller
than could be measured, any computed representative drop sizes would be of Tittle
validity. Consequently, these were not computed. Thus, the comparison between
conditions must be based upon a direct comparison of the droplet-size and velo-
city distributions.

Typical droplet-size distributions at the center of this spray are presented in
Fig. 5-12 through 5-17. 1In each figure, the injection pressure drops, and the
fan and cone conditions are noted. Figures 5-12 to 5-14 present centerline
drop-size distributions for wvarious fan and cone conditions. Figure 5-15
presents the droplet-size distribution near the periphery of the spray, for the
fan-off, cone-off condition (comparable to Fig. 5-12); there appears to be 1ittle
difference 1in these distributions. Figures 5-16 and 5-17 present data at the
same location in a spray with a lower 1liquid flow rate and a higher gas flow
rate. These flow conditions produce an even  finer spray than that of
Figures 5-12 through 5-15.

Corresponding velocity profiles are presented 1in Fig. 5-18 through 5-22.
Figures 5-18 through 5-20 present the measurements of the velocity distributions
of the droplets in the center of the spray at the higher water flow rate. Each
of these figures contains two or three velocity-distribution plots corresponding
to the size-distribution plots of Fig. 5-12 through 5-14, respectively. Each
stze-distribution plot was a combined result from two or three runs (note run
numbers). Each of the velocity-distribution plots is normalized by the DSI soft-
ware so that the maximum number of counts always reaches the top of each plot.
This must be kept in mind when viewing these plots. For example, in Fig. 5-18,
the actual numbers of counts per second at 3.8 m/sec in run 100 is approximately
equal to the peak in the distribution of run 101. If these plots had not been
normalized then it would be apparent that the high-velocity end of run 101 fits
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Figure 5-12. Air Motion Tests, High Liquid Flow Rate Size Plot (1)
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Figure 5-18. Air Motion Tests, High Liquid Flow Rate Velocity Plots (1)
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smoothly with the Jlow-velocity end of run 100. Figure 5-18 demonstrates that
nearly all the droplets in the spray at this location (0, 0, 22.9) were traveling
at velocities between about 2 and 11 m/sec, and that the peak in the velocity
d1str1buf10n (mode) occurs at approximately 5 m/sec. Comparison of Fig. 5-18 and
5-20 indicates that the cone appears to cause the droplets to move at slightly
lower velocities. Comparison of Fig. 5-18 and 5-21 1indicates that 1little
difference exists 1in the droplet velocities at different locations within the
spray. Figure 5-22 s the velocity distribution plots corresponding to the
size-distribution plot of Fig. 5-17. These mappings were obtained at a lower
1iquid flow rate and higher gas flow rate. These injection conditions resulted
in a large number of droplets moving at higher velocities than in the other
(higher 1iquid and lower gas flow rates) injection condition. The effect of the
higher gas injection velocity has resulted in an increase in some of the droplets
velocities, as might be expected.

These results are typical of many such measurements performed to assess the
effects of the cone and exhaust fan on the spray. The results indicate that the
drop-size distribution is not significantly affected by the presence of the cone
or the suction of the exhaust fan. The droplet velocities appear to be slightly
reduced by the presence of the cone--a result that seems reasonable. The cone
would impede the ingestion of air into the upper portion of the spray, creating a
lower-pressure region near the injector. This causes air to move upward, along
the inner surface of the cone, and toward that Jlower pressure reglon. This air
flow would oppose and, hence, retard, the spray motion.

The suction of the exhaust fan had no obvious or significant effect on droplet
velocities. Thus, i1t was concluded that the droplet size and velocity results of
the planned atomization tests would be unaffected by the suction of the fan (no
experimental apparatus effect). Furthermore, at these relatively low flow rates
at atmospheric pressure, the effect of a major distortion of the natural inges-
tion of air 1into the spray was minimal. Only the droplet velocities were
affected, and that effect was small. '

Before leaving this subject, it is instructive to consider how much air has been
ingested into the spray. Based upon the injector pressure drops for the high
Tiquid flow rate condition, assuming a discharge coefficient of 0.8 for these
‘ RI/RD85-312
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orifices and incompressible gas flow, and using the principle of conservation of
axial momentum, the resultant (after impingement) axial velocity of the injected
fluids should be approximately 18.5 m/sec. Since the measured velocities ranged
from only about 2 to 7 m/sec (see Fig. 5-18 through 5-20), i1t was obvious that
s1gn1f1cdnt quantities of surrounding air were being ingested into the spray and
thereby slowing it. A second, simple conservation of momen tum computation,
assuming an average spray velocity of 5 m/sec, indicates that the quantity of
ingested air required is on the order of three times the total mass flow rate of
the element. This simple computation provides some indication of the potential
importance of the ambient air motion on the spray. While this s still an area
of concern, the testing performed in this program to assess the effects of slight
modifications to this air motion, indicated that such effects were minimal.

Test Plan and Rationale

The primary intent of these atomization characterization tests was to develop an
empirical correlation defining the spray droplet sizes in terms of the flow,
geometry, and other governing parameters. Overall spray droplet sizes are com-
monly characterized by a single representative droplet size, such as the mass
median diameter (D). The choice of the governing parameters varies from the most
basic parameters, such as injector velocity, propellant density, stream diameter,
and 1impingement angle, to parameters that combine these factors (e.g., mixture
ratio, penetration parameter, and Elverum-Morey parameter) or are directly relat-
able to engines (e.g., thrust per element). Correlations based upon the most
fundamental parameters can be combined to form the less fundamental parameters.
Also, the more fundamental parameters offer more general applicability and util.
ity. Therefore, the philosophy of this test program was to employ these more
fundamental parameters as the independent test variables. Based upon the exten-
sive study of the atomization l1iterature of Ref. 1-1, the following variables are
deemed to be of greatest importance:

Impinging Elements

L
Stream diameters (generally assumed to be equal to orifice diameters),

Injector ve]ocities, V. and Vg
dL and dg

R1/RD8B5-312
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Chamber gas density, Peq
Injector gas density, pg
Impingement angle, o
Liquid density, PL
Liquid viscosity, H
Liquid surface tension, o

Coaxial Elements
Injection velocity, V. and Vg

L
Inner (1iquid) stream diameter, d

OQuter (gas) stream annulus d1mens§on, Y
Inner tube recess, R

Inner tube thickness, t

Chamber gas density, pcg
Injected gas density, Py
Liquid density, PL
Liquid viscosity, u

Liquid surface tension, o

While other parameters have been considered (e.g., gas viscosity, and stream
turbulence levels and velocity profiles), the listed parameters are those usually
previously studied and/or the variables currently considered to be of greatest
importance. One nonfundamental parameter also considered important is mixture
ratio. Mixture ratio is important to these airblast atomizers as it relates the
ratio of the injected liquid (the quantity to be atomized) to the injected gas
(which provides the force of atomization).

Since there are no atomization theories sufficiently developed or valid for the
types of airblast atomizers employed in 1iquid rocket engines, the approach gen-
erally employed is a straightforward parametric evaluation ofithe effects of as
many of these independent variables as poss1b1é. Results are then comp11ed and
an empirical equation developed of the form: '

s Pgo dL’ d_, etc.)

D or 032 et al = f(VL, Vg g g
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Dbviously, with so many dependeht variables, the size of any test matrix that
would comprehensively evaluate each variable would be immense. Accordingly, the
approach employed 1in this program is to use a baseline test condition and to
independently evaluate the effects of variations of each of these variables on
this baseline condition. Thus, each parameter would be separately varied from
the baseline condition, while all other parameters remain constant. While this
approach minimizes the size of the test matrix, it necessarily suffers from an
inabi1ity to identify any synergistic or combined parameter effects. For
example, if the gas density effect on atomization varies with 1iquid viscosity,
this would not be observed with such an approach.

The previously described problems that l1imited the testing to atmospheric back
pressure, low flow rates, and only one impinging element (the pentad), precludes
large variations of certain of these parameters. Also, for some parameters
(e.g., chamber gas density), no variations are possible. Furthermore, in some
instances, it 1is difficult to vary one parameter independently. Despite these
difficulties, the approach employed here was, whenever possible, to independently
vary one parameter at a time from a baseline condition. When this approach is
not feasible, more complex data analysis techniques, such as the regression anal
ysis technique employed in the 1iquid/liquid mixing study, are required to ascer-
tain the effects of each independent variable.

The general test matrix employed for these tests is presented in Table 5-1. The
four basic gas/liquid elements (element 3, a pentad, and elements 5, 7, and 9,
coaxial elements, all from Table 2 1) were used. The first series of tests or
mappings established the atomization characteristics of these elements under
baseline flow conditions. The second series of tests were intended to establish
the effects of injector velocity variations at constant mixture ratio.

The next three sets of tests were intended to investigate the effects of Tiquid
viscosity, density, and surface tension, respectively. To vary each of these
independently, 1t was necessary to find 1liquids having the same properties as
water, except for the one property whose effects were to be studied. This proved
to be quite difficult. A study of pure liquid properties quickly established
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Table 5-1.

Atomization Test Matrix

OBJECTIVE ELEMENTS MIXTURE RATIO FLOW RATE FLUIDS NUMBER OF MAPPINGS

BASELINE ALL BASELINE BASELINE H20 AND N2

FLOW RATE EFFECTS ALL BASELINE 2 PER ELEMENT H20 AND N2

VISCOSITY EFFECT 7 COAXIAL BASELINE? BASELINEQ GLYCEROL/Hp0 AND N>
3 PENTAD

DENSITY EFFECT 7 COAXIAL BASELINE? BASELINEQ ,NaC1/H,0 AND N 2
3 PENTAD '

SURF TENSION EFFECT 7 COAXIAL BASELINEA BASELINER CoH3C13 AND Ny 2
3 PENTAD

COMPARE WAX DATA LIKE DOUBLET |  —-—--- b HZO OR C2H3C13

MIXTURE RATIO EFFECTS | ALL 2 PER ELEMENT | BASELINE GAS H20 AND N>

‘ VARY LIQUID

GAS DENSITY EFFECT 7 COAXIAL BASELINEQ BASELINE? H20 AND CO3 4

3 PENTAD Ho0 AND He

ATHESE VARIABLES ARE BASED ON VOLUMETRIC RATHER THAN MASS FLOW RATES

DHIGH FLOW RATES COMPARABLE TO DICKERSON WAX TECHNIQUE TESTS (REF. 5-11)
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that no such pure 1liquids existed. Attention was then given to mixtures of
1iquids, and solutions.

An infinite set of such liquids was available; however, there was often 1little
properties test data to support the selection. This search was quickly narrowed
by the requirement that the Tiquids be re1at1vé1y nonflammable, nontoxic, of low
volatility, relatively clear, relatively inexpensive, and compatible with the
materials in the feed system and injector assemblies.

In the course of this search for materials, a particular problem was discovered
regarding the use of surfactant-type materials to reduce surface tension. Such
materials were originally Jjudged to be very attractive for the purpose of this
study, as very small amounts appeared quite effective in reducing surface ten-
sion. Thus surface tension could be varied without appreciably changing the
density or viscosity of the 1liquid. However, after additional study, 1t became
apparent that this approach was questionable. These materials function by
selectively migrating to the surface of the 1iquid. Thus, their concentration at
the surface is much greater than in the bulk of the 1liquid. Surface tension
measurements are based on a determination of the surface tension at the surface
of a relatively large quantity of quiescent 1iquid. Hence, adequate time exists

for the surfactant-type materials to migrate to the surface, and the surface area

is small relative to the quantity of 1liquid present. However, the atomization
process i1s characterized by the rapid creation of large amounts of surface area.
Thus, it is necessary to question whether these relatively small amounts of sur-
factant-type materials will have sufficient time to migrate to the surface, and
if sufficient material 4s present in the Tiquid to effectively reduce surface
tension on the vast surface area of the spray. Because of this concern, only
1iquids containing relatively 1large amounts of each of 1ts constituents were
considered for use in this study.

Chemical handbooks and other references were empToyed to 1identify potential
1iquid mixtures and solutions. Several promising candidates were identified and
materials were procured, mixed, and sent to Truesdail Laboratories of Tustin,
California, for properties determination. Some of these materials contained very
small quantities of butyl acetate (a surface acting-type of material as
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previously discussed), as this was prior to the concerns about such materials.
Results of these properties determinations were generally in agreement with what-
ever literature data existed on these multicomponent 1iquids. The 1iquids given
in Table 5-2 were chosen for testing. (Their pertinent properties and those of
water and LOX are also presented.)

TABLE 5-2. MULTICOMPONENT LIQUIDS AND THEIR PROPERTIES

LIQUID SURFACE TENSION | VISCOSITY | DENSITY
(dynes/cm) (cP) (kg/ma)
16% GLYCEROL AQUEOUS SOLUTION 69 1.49 1047
17.4% SODIUM CHLORIDE AQUEOUS SOLUTION 11 1.38 1135
1, 1, 1 - TRICHLOROETHANE 22 1.2 1316
WATER 72 0.94 997
LOX (@ NBP) 13.2 0.196 1137

Except for the LOX, all properties are at room temperature. A1l concentrations

lare mass percents.

The glycerol solution had properties similar to water (within about 5%), except
for a viscosity increase of about 50%. The salt solution was intended to provide
a variation 1in density; however, the viscosity variation from pure water was
significant. No suitable surface-tension variation 1liquid could be identified,
so TRIC was employed. This offered a large variation in surface tension with
only about 20% and 30% 1increases in v1scds1ty and density, respectively. No
suitable, room-temperature 1iquids could be found with surface tensions and vis-
cosities comparable to those of LOX. Although they did not provide precisely the
desired properties variations, these 1iquids were the best available for the
1iquid property effects tests of this atomization study.

Additional tests were planned to investigate mixture ratio variations and changes
in the density of the injector gas (via variations in the gas composition).
However, slower than anticipated testing (primarily because of difficulties with
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the droplet generator used to calibrate the DSI) prevented the accomplishment of
the gas density effects tests and most of the mixture ratio effects tests. The
planned test conditions for the tests performed are presented in Table 5-3.

One additional, important pair of tests was planned to provide a comparison with
the large body of "hot wax", 1ike doublet, ‘atomization test data. As discussed
in Ref. 1-1, certain evidence and supporting arqguments cast doubt upon the vali-
dity of this technique. For the purpose of this comparison, the tests and
results of Dickerson (Ref. 5-11) were employed. Dickerson found excellent corre-
laticn of his results with the following equation:

0.57 0.85

D - 7.84x10" d N,

L

where dL is the orifice diameter employed, in inches, VL is the wax injection
velocity in feet per second, and D is in microns. The intent of these tests was
to match the test conditions of Dickerson as closely as possible and to compare
these results to his wax results. One of the like doublets extensively tested by
Dickerson had orifice diameters of 0.066 cm (0.026 inch) and a 60-degree impinge-
ment angle. The baseline triplet element fabricated for this program has 0.69 cm
(0.027 inch) outer orifices and a 60-degree impingement angle. By flowing only
the outer orifices of this element, at flow rates within the range tested by

Dickerson, i1t was possible to closely simulate his tests.

However, one major difference (other than the droplet- size measurement technique)
exists between these tests and those of Dickerson- the fluids used. As discussed
in Ref. 1-1, the extrapolation of atomization test results from one Tiquid to
another is a major difficulty. Reference 1-1 presents two 1iquid property cor-
relations commonly applied, and Dickerson recommends one of these (the Wolfe-
Anderson correlation), for extrapolation of his results to real propellants.
This correlation was employed in this current program to correlate the results of
these tests with those of Dickerson. The test conditions for these wax compari-
son tests are presented in Table 5-4.
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TABLE 5-3. ATOMIZATON TEST CONDITIONS - GAS/LIQUID INJECTORS

TEST  INJECTOR MASS MIXTURE RATIO FLOW RATE INJECTION VELOCITY (M/SEC) BGAS
ELEMENT (OX1DIZER/FUEL) GAS (KG/MIN) LIQUID CM3/MIN) GAS LIQUID MACH NUMBER

BASELINE TESTS

1 PENTAD 3 0.49 0.123 60.0 242 0.40 0.70
2 COAXIAL 5 0.49 0.113 55.0 259 0.21 0.75
3 COAXIAL 7 3.50 0.116 408 152 0.40 0.44
4 COAXIAL 9 3.00 0.1 S11 183 0.43 0.53
FLOW RATE EFFECTS TEST (MIXTURE RATIO = CONSTANT)
(Percentage of baseline flow rates in parenthesis after element)

5 PENTAD 3 (120) 0.49 0.147 72.0 291 0.49 0.84
7 COAXIAL 5 (120) 0.49 0.135 66.0 mn 0.24 0.90
9 COAXIAL 7 (80) 3.50 0.093 326 122 0.30 0.35
1 COAXIAL 9 (80) 3.00 0.137 409 146 0.34 0.42
6 PENTAD 3 (130) 0.49 0.159 78.0 315 0.52 0.9
8 COAXIAL 5 (130) 0.49 0.147 n.s 337 0.27 0.98
10 COAXIAL 7 (130) 3.50 0.151 530 198 0.52 0.57
12 COAXIAL 9 (130) 3.00 0.222 664 238 0.5% 0.69

LIQUID PROPERTIES EFFECTS TESTS (VOLUME FLOW RATE OF LIQUID AND GAS REMAINS THE SAME AS BASELINE. MIXTURE RATIO CHANGES
BECAUSE OF LIQUID DENSITY CHANGES.)

- VISCOSITY EFFECTS '(mx GLYCEROL SOLUTION))
13 PENTAD 3 0.51 0.123 60 795 0.40 0.7
14 COAXIAL 7 3.64 ’ 0.116 408 500 0.40 0.44
DENSITY EFFECTS (17.4% NaCl SOLUTION)
15 PENTAD 3 0.56 0.123 60 795 0.40 0.7
16 COAXIAL 7 3.97 0.116 408 500 0.40 0.44
SURFACE TENSION EFFECTS {1,1,1 TRICHLOROETHANE)
17 PENTAD 3 0.64 0.123 60 195 0.40 0.7
18 COAXIAL 7 4.61 0.116 408 500 0.40 0.44
(TESTS 19 AND 20 ARE PRESENTED IN TABLE 5-4)
MIXTURE RATIO EFFECTS TESTS
(Percentage of baseline liquid flow rates in parenthesis after liquid flow rate)
21 COAXIAL 7 2.63 0.6 306 (715%) 152 0.30 0.44
22 - COAXIAL 7 5.25 0.116 612 (150%) 152 0.59 0.44

C
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TABLE 5-4. LIKE DOUBLET (WAX DATA COMPARISON) TEST CONDITIONS

TEST INJECTOR LIQUID FLOW RATE INJECTION VELOCITY
ELEMENT (LITERS/MIN) (M/SEC)

19 | TRIPLET 4
(OUTER ORIFICES ONLY) | TRICHLOROETHANE 1.46 34

20 | TRIPLET 4
(OUTER ORIFICES ONLY) [ Hp0 2.75 62

TEST RESULTS AND FINDINGS

The results of these atomization characterization tests are presented in this
section. Twenty-two complete spray mappings are presented. Several mappings of
the triplet elements were also performed prior to the discovery of the flow
irreqgularities previously discussed. These results have been discarded. The
jntended flow rates and mixture ratios for all of these tests (as shown in
Tables 5-3 and 5-4) were very closely obtained in the testing. Spray mappings
were obtained along several rays extending radially outward in the measurement
plane from the (0, 0, 23.5) point. Initially measurements were made along two to
four such rays in 0.508 cm (0.2 inch) increments. As will be shown, subsequent
testing established that very little accuracy was lost if measurements were made
along only two rays in 1.016 cm (0.4 inch) increments.

Each test consists of many (sometimes in excess of 100) droplet-size distribution
and corresponding velocity distribution data sets. Various combinations of these
have been used to construct droplet-size distribution plots for (1) selected
points within the spray, (2) along particular rays, (3) inner and outer regions
of the spray, and (4) the overall spray. In addition, velocity distribution data
and plots of droplet size vs. velocity are available. This vast quantity of data
is too extensive to be included in this final reporf. Accordingly, the results
of each test are discussed, observations based upon these data are presented, and
specific plots of data are presented either as examples or to support a discus-
sion.
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The overall spray droplet-size distribution for test 1 "1s ' presented in
Fig. 5-23. Note that some portion of the actual droplet-size distribution con-
sisted of droplets having diameters less than could be measured by the DSI. If
these droplets had been included, the measured representative droplet diameters,
especially the linear mean drop size (010) would be reduced from those shown in
Fig. 5-21. This was a common problem that occurred in many of the spray map-
pings. The mass median diameter would be least affected by these small drop-
lets. Accordingly, it 1is the primary representative droplet size employed in
these tests.

Figures 5-24 and 5-25 present results obtained from a very extensive mapping of
the preburner coaxial element (5) at baseline flow conditions (test 2). One hun-
dred separate droplet-size distribution measurements were made along four differ-
ent rays (+x axis, -x axis, +y axis, and -y axis.). Measurements were made along
these rays to a distance of about 5 cm in 0.508 cm increments.

This series of mappings were then employed to assess the mapping resolution
(t.e., number of rays and measurement spacing) required to obtain accurate
results. Figure 5-24 is a total spray droplet-size distribution constructed from
the data obtained at all measurement locations. Figure 5-25 is a corresponding
plot that utilized only the data from every other mapping location. The similar-
ity of these plots demonstrates the adequacy of employing 1.016 cm spacing
between measurement points. Data from all pairings of the four rays measured
were used to construct an overall spray droplet-size distribution. These results
indicated that any two rays would adequately reproduce the more comprehensive,
high-resolution results of Fig. 5-24. Similar comparisons of measurement resolu-
tion in some of the subsequent tests further supported the findings of this test
regarding measurement location requirements.

The droplet distributions measured at each location in this test were surpris-
ingly uniform throughout the spray. However, slightly larger drops appeared to
exist in the central part of the spray. Velocity profiles at two points within
the spray are presented in Fig. 5-26 and 5-27. These clearly demonstrate that
the droplets are generally traveling faster near the center of the spray. Also,
the number of droplets counted (samples) in the center of the spray is much
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greater than near the edge. A1l data obtained are bqsed upon a maximum 2-minute
measurement time.

The overall spray droplet-size distribution for test 3 (coaxial element 7 at
baseline flow conditions) 1s shown in Fig. 5-28. Also presented are droplet-size
distribution plots for the inner core region (Fig. 5-29), out to a radius of 2
cm, and the outer annular region (Fig. 5-30), between 2 and 4 cm from the center
of the spray. These results indicate that slightly larger droplets exist in the
outer region. However, the difference is quite small, and the spray is surpris-
ingly uniform.

Figure 5-31 presents the overall droplet-size distribution for the coaxial ele-
ment (element 9) at baseline flow conditions (test 4). As in the previous test,
the droplets in the outer region of the spray were slightly larger than in the
central core of the spray. Figure 5-32 1s an example of another type of data
commonly obtained in all these tests. This 1s a plot of droplet size vs. velo-
city obtained at the (0, 0, 23.5) Tocation within the spray. This plot suggests
only a weak functional relationship between droplet velocity and diameter, a
finding substantiated by plots of similar data collected at other locations in
the measurement plane. Measurements of this type were obtained at different
measurement locations in many of these tests, with very similar results. The
larger droplets appear to be moving faster than the smaller droplets, but the
difference 1s small. This implies that the difference between spatial and tem-
poral droplet-size data (see Ref. 1-1) would be very similar at this location
within the spray.

Tests 5 and 6 were 1Intended to establish the effect of the injection velocities
of the fluids on the atomization characteristics of the spray. These tests were
performed at flow rates of 120% and 130% of the baseline conditions. Lower
11quid flow rates were judged undesirable because of the previously discussed
issues of droplets forming on the injector face and fluctuating, distorted sprays
observed at lower 1iquid flow rates. Higher flow rates could not be attained
without choking the gas orifices. Both of these tests demonstrated a reduction
in droplet size from the baseline case (test 1). Figures 5-33 and 5-34 present
spray droplet-size distributions, based upon measurements along the positive
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DROPLET SIZE - MICRONS

Spray Droplet-Size Distribution, Test 3

Figure 5. 78.
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DROPLET SIZE - MICRONS

Figure 5-29. 1Inner Core Droplet-Size Distribution, Test 3
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Figure 5-32. Droplet Size vs Velocity at (0, 0, 23.5), Test 4
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x-axis and the positive y-axis, respectively, for the 130% flow-rate case
(test 6). These figures again demonstrate the commonly observed uniformity of
these sprays. Unfortunately, no droplet-size measurements were obtained along
any diagonal rays. However, observations of the pentad spray (using a strobe
1ight source) indicated no apparent fans or lobes from this pentad. The spray
appeared similar to that of a coaxial element. -

Tests 7 and 8 were performed to assess injector velocity effects (at constant
mixture ratio) on the atomization characteristics of the spray produced by the
preburner coaxial element (element 5). Tests were performed at 120% and 130% of
the baseline flow rate. Both test conditions produced significantly larger drop-
lets than the baseline case. Also, both tests demonstrated a distinct difference
between results obtained along the two rays mappéd. In both tests, the
droplet-size distributions measured along the +y axis had a mass median diameter
that was 10 microns lower than that of the +x axis. These results, for the 120%
flow rate case, are presented in Fig. 5-35 and 5-36. No such difference in drop
sizes along any of the four rays measured in the baseline flow-rate case were
observed.

In tests 9 and 10, the higher mixture ratio coaxial element (element 7) was
tested at 80% and 130% of 1its baseline flow rate. The higher 1iquid baseline
flow rates for this element allow some reduction in 1liquid flow rate without
producing unrealistic sprays. The overall spray droplet-size distributions for
this element, at 80% and 130% of baseline flow levels, are presented in Fig. 5-37
and 5-38. These results, together with the baseline test (test 3) appear to
indicate a slight increase in droplet size with flow rate. However, measurements
performed at the (0, 0, 23.5) location at 80%, 100%, 130%, and 150% of baseline
showed no obvious trend. 1In all cases, droplet velocities increased with flow
rate.

Tests 11 and 12 consisted of spray mappings of the coaxial element (element 9) at
80% and 130% of the baseline flow rate. The results of these tests, together
with the baseline test, are inconclusive. Change in the droplet-size distribu-
tions among tests 4, 11, and 12 are small and indicate no trends.
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The properties effects test employed the pentad element and the smaller main
chamber coaxial element (element 7), flowing different 1iquids. Baseline volu-
metric flow conditions were employed..- The nitrogen flow rate was maintained at
the baseline value and the 1iquid volumetric flow rate was set equal to the base-
1ine volumetric flow rate. Density variations in the liquids employed resulted
in corresponding variations in the mass mixture ratio from the baseline case.

To investigate the effects of viscosity, a mixture of distilled water and gly-
cerol was prepafed. This mixture consisted of 16% glycerol by mass. The overall
spray droplet-size distributions for the pentad (test 13) and the coaxial element
(test 14) are presented in Fig. 5-39 and 5-40, respectively. Comparing these
results with the corresponding baseline tests (Fig. 5-23 and 5-28, respectively)
demonstrates the following: the effect of viscosity on the pentad element 1is
large -- the more viscous fluid produced a much finer spray. The effect of vis-
cosity on the coaxial element spray is smaller and opposite -- the more viscous
fluid produced slightly larger droplets. It is generally believed, and confirmed
by others investigating fluild properties effects on atomization, that the effect
of higher viscosity is to increase droplet diameters. Viscosity is thought to
retard the shearing of the fluid and thereby allow larger fluid particles to
escape from the primary atomization region. The pentad element, operating at
this low flow rate, was already subject to flow abnormalities, as previously dis-
cussed. It may be that the increased fluid viscosity further aggravated this
problem and produced this surprising, and possibly unrealistic, result.

tests 15 and 16 utilized the same pentad and coaxial elements as the previous
pair of tests. The 1liquid employed was a salt (pure sodium chloride with no
additives) dissolved in distilled water (17.4% NaCi by mass). This resulted in a
1iquid of greater density, but also of significantly greater viscosity, than pure
water. The pentad test (test 15) resulted in droplet sizes comparable to those
of the viscosity effects tests (test 13). Droplets near the center of the spray
were found to be considerably smaller than those near the periphery of the spray,
as shown in Fig. 5-41 and 5-42. This effect is also apparent, though to a lesser
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Figure 5-39. Spray Droplet-Size Distribution, Test 13
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degree, in the viscosity effects test (test 13) and the baseline conditions test
(test 1) with this pentad element.

The coakia] element density effects test (test 16) produced a spray with an over-
all droplet-size distribution very similar to the baseline test (test 3) shown in
Fig. 5-28. Also, as with the baseline test, the droplets near the periphery of
the spray were larger than those near the center.

The final pair of tests in these properties effects tests employed pure 1, 1, 1,
--trichloroethane 1iquid. This liquid provided significant deviation of density
and viscosity from pure water, but the major difference was the change in surface
tension. The overall spray droplet-size distribution for the pentad element 1is
presented in Fig. 5-43. Note the change in the droplet size (abscissa) scale.
This 1is caused by the substantial index of refraction difference between water
and trichloroethane, which modifies the DSI droplet measurement range. The index
of refraction changes for the other 1iquids used was insignificant. This test
again demonstrated larger droplets in the outer region of the spray. V

The total spray droplet-size distribution for the coaxial element flowing tri-
chloroethane and nitrogen at baseline volumetric flow rates is presented in
Fig. 5-44. Comparison of this case with the baseline (Fig. 5-28) shows how
strongly the computed mass median diameter is affected by a few larger droplets.
Test 18 produced a droplet distribution with a peak (mode) at about 26 to 30
microns, as compared to the test 3 peak at 20 to 24 microns. VYet, test 18 has a
smaller mass median droplet size. Even though the majority of the measured drop-
Tets in test 18 are larger than those of test 3, the mass median diameter in test
18 1s smaller than that of test 3. This is the result of the presence of a rela-
tively small number of very large droplets in test 3. The value of D is highly
sensitive to these larger droplets. This reduction in larger droplets may be
caused by the lower surface tension, which is the cohesive force holding the
droplet together. Again, most of the very largest droplets were found to be in
the outer periphery of the spray. '

The hot-wax test comparison results (tests 19 and 20) are discussed shortly.
Tests 21 and 22 were performed with coaxial element 7. The nitrogen flow rate
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was maintained at the baseline value and the water flow rate was set at 75% (test
21) and 150% (test 22) of the baseline value. The overall spray droplet-size
distribution in these tests 1s presented in Fig. 5-45 and 5-46. The low Tiquid
flow-rate test (test 21) exhibited much larger droplets than the baseline case.
Some of these droplets were larger than the largest size that could be measured
with the DSI configuration (fringe spacing) ‘utilized. Undoubtedly, the actual D
of this spray would be considerably larger than that measured, if these addi-
tional large droplets were included. The higher 1iquid flow-rate test produced a
droplet-size distribution similar to that observed in the baseline test.

Two additional tests (test 19 and 20) were performed to provide a comparison with
the hot-wax test results of Dickerson (Ref. 5-11). As previously described,
these tests used the outer orifices of the small triplet (element 4) flowing
water (test 20) and trichloroethane (test 19). This 1ike-doublet was quite simi-
lar to one of Dickerson's elements. The overall spray droplet-size distributions
for these tests are presented as Fig. 5-47 and 5-48. Flow rates in these tests
were very much highér (1.49 and 2.75 1iter/min) than all other tests. This was
possible because there was no concern about choking a gas orifice. The DSI per-
formance was nominal during these much higher flow-rate (more dense spray) tests.

These tests provided 1iquid finjection velocities within the range tested by
Dickerson, almost exactly matched his l1ike-doublet geometry, and injected into
the open air in a manner very similar to that of the hot-wax tests. In test 20,
droplet sizes at se<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>